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INTRODUCTION
The tropomyosin-related kinase (Trk) family of transmembrane proteins acts
as receptors to neurotrophins (NTs). Trks are tyrosine kinases that are the starting
point of many intracellular signalling pathways. They have an important role in
the developmental guidance of neurons and neurites, and the delivery of prosurvival signals to neurons, but their role extends beyond the limits of
development and the nervous system. For example, Trks are needed for the
development and function of some peripheral tissues, TrkA governs proper pain
sensation and TrkB is crucial for the development of long-term potentiation
(LTP), which is the molecular equivalent of memory. It is no surprise therefore,
that there are many diseases where Trk signalling plays a role in the induction,
pathophysiology and/or treatment: neurodegenerative and psychiatric diseases,
cancer, etc. For this reason, a considerable amount of effort by the international
scientific community has been dedicated to the development of Trk modulatory
drugs. However, to correctly understand the role of Trk receptors in these
conditions, it is important to discriminate between alternative protein isoforms,
as they have very different properties and physiological roles, due to specific
expression patterns and signalling abilities.
This study is dedicated to the characterization of human TrkA and TrkB genes,
including the description of their expression pattern and alternative transcripts.
Also, characterization of novel putative Trk protein isoforms is given. Finally,
novel inhibitors of Trk kinases are described.
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REVIEW OF THE LITERATURE
1. Trk receptors
The infinitely intricate and, fascinatingly, conscious human brain has taken
up, among other tasks, the quest to uncover its own building blocks and working
mechanisms. One of the conclusions of the work done in molecular neurobiology
is that among a huge array of other factors, neurotrophins (NTs) and their
receptors represent proteins that are indispensable for the proper functioning of
the brain.
The name of NT receptors – tropomyosin-related kinase (Trk; also known as
tropomyosin receptor kinase) – reflects their discovery. An oncogene from
human colon carcinoma was found in 1986 by the research group of Mariano
Barbacid that was given the name trk oncogene, because this product of a somatic
rearrangement was a fusion protein comprised of an extracellular part of Nterminal portion of tropomyosin, and transmembrane and intracellular sequences
of an unknown kinase (Martin-Zanca et al., 1986). Three years later, the same
laboratory described TrkA gene, officially known now as neurotrophic receptor
tyrosine kinase 1 (Ntrk1) and formerly known as trk proto-oncogene, that was the
source of trk oncogene tyrosine kinase-encoding sequences (Martin-Zanca et al.,
1989). Shortly after that, the same group also discovered TrkB and TrkC genes,
based on high sequence similarity to TrkA (Klein et al., 1989; Lamballe et al.,
1991). At the protein level, Trk receptors are indeed very similar, with
approximately 70 % sequence similarity between TrkA and TrkB that reaches
88 % in their tyrosine kinase domain (Klein et al., 1989).
Trks are a small family of transmembrane kinases that act as receptors for
NTs – target-derived neurotrophic factors, and are the main mediators of NTinduced pro-survival and pro-differentiation signals for neurons innervating those
targets (Klein et al., 1993; Smeyne et al., 1994). TrkA interacts mainly with nerve
growth factor (NGF), TrkB with both brain-derived neurotrophic factor (BDNF)
and NT4, and TrkC with NT3 (Ip et al., 1992; Klein et al., 1991a, 1991b, 1992;
Lamballe et al., 1991; Soppet et al., 1991). A weaker interaction also takes place
between NT3 and receptors TrkA and TrkB (Lamballe et al., 1991). In addition,
NTs also use a low affinity p75 NT receptor (p75NTR) which, using a co-receptor
sortilin, usually opposes Trk signals by inducing apoptosis and/or axon pruning
(Lee et al., 2001; Nykjaer et al., 2004; Singh et al., 2008). p75NTR binds all NTs
with higher affinity in their pro-form, which contain an N-terminal sequence that
is proteolytically removed from mature NTs.
Remarkably, the discovery of NGF by Rita Levi-Montalcini and Stanley
Cohen preceded the one of its receptors by more than three decades as it was one
of the first growth factors to be identified. By the time Trks were found, a vast
array of knowledge was already available on NGF protein and its functions in
developmental neurobiology, neuroscience in general and even in the immune
system (Levi-Montalcini, 1987). The second NT to be discovered was BDNF,
which was purified in 1982 (Barde et al., 1982).
12

The first report of TrkB gene also described the structure of TrkB receptor
which is very similar to other Trks. Namely, these proteins are approximately
800 aa long and are embedded in membrane. The extracellularly located Nterminal half of Trks is heavily glycosylated. During translation, its terminus
contains a signal sequence which is cleaved from the protein in the endoplasmic
reticulum. A major part of the C-terminally located intracellular portion of Trk
receptors is a tyrosine kinase domain that ignites many intracellular signalling
pathways (Klein et al., 1989; Lamballe et al., 1991; Martin-Zanca et al., 1989;
Middlemas et al., 1991).
Genes encoding NTs and their receptors are evolutionally old, their
orthologues can be found in many invertebrates, including sea urchins and
molluscs (Bothwell, 2006). A lot of experiments studying Trk proteins are done
in rodents. Protein sequence identity between human and rodent Trk orthologues
is above 90 % (Nakagawara et al., 1995). This notion validates many results of
Trk studies obtained in rodents also for human Trks.

1.1. Physiological role of Trk receptors
As demonstrated by knock-out mice, both TrkA and TrkB are important for
the proper functioning and viability of mammals. TrkA knock-out animals have
defects in the peripheral nervous system (PNS), that are manifested by a severe
neuron loss in dorsal root, trigeminal and sympathetic ganglia (Smeyne et al.,
1994). Approximately half of these animals die during first weeks after birth and
the remaining have self-inflicted injuries due to severe deficiencies in perceiving
pain and extreme temperatures. Adult animals have additionally a serious
reduction in cholinergic fibre projections in striatal and basal forebrain (Smeyne
et al., 1994).
TrkB knock-out mice die within the first postnatal week due to sensory deficits
that manifest among other abnormalities as inability to eat, and are attributable
mostly to neuron depletion in nodose and petrosal ganglia, but there is also a
reduction in the number of neurons in trigeminal, geniculate, vestibular and
dorsal root ganglia (DRG), and among motor neurons (Klein et al., 1993; SilosSantiago et al., 1997; and reviewed in Barbacid, 1994). Although there are no
gross abnormalities in the central nervous system (CNS) of TrkB knock-outs,
activation of TrkB receptor by BDNF is required for the postnatal survival and
maintenance of many types of neurons, e.g. cortical and hippocampal neurons
(Alcántara et al., 1997; Ghosh et al., 1994; Martı́nez et al., 1998; Silos-Santiago
et al., 1997; Xu et al., 2000).
In addition to regulating cell survival, NT-Trk signalling is also needed for
neuronal differentiation. This can be illustrated in many aspects. First, NTs have
chemotactic ability to promote and steer whole neuron or neurite growth cone
movement (Campenot, 1977; Paves and Saarma, 1997). This effect is dependent
on Trk receptors (Ming et al., 1999). For example, BDNF derived from
preganglionic neurons in the spinal cord activates TrkB signal during
development in sympathetic ganglia cells to guide the dorsal migration of these
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discrete ganglia from their primary location so that they would localize in a
correct pattern along both sides of the spinal cord (Kasemeier-Kulesa et al.,
2015). TrkB acts here as a sensor on the plasma membrane. Later, sympathetic
neuron cell bodies remain immobile, but their axons’ growth is guided by NGF
produced at the target organ, and the axon tip grows in the direction of higher NT
concentration in response to TrkA activation. This NGF-TrkA signal is also
needed to avoid the apoptosis of these neurons. However, there is not enough
NGF produced to sustain all neurons that have reached the target and only half
survive after initial competition (reviewed in Barford et al., 2016).
Second, Trk receptors influence synapse development and function on many
levels. For example, a postnatal TrkB knock-out in the mouse forebrain reduces
the level of dendritic spines – the postsynaptic storehouses (von Bohlen und
Halbach et al., 2006). Also, TrkB-null mice have impaired γ-aminobutyric acid
(GABA)-mediated neurotransmission and abnormal intrinsic synchronous
activity in their hippocampi (Carmona et al., 2006), normal TrkB expression is
needed for proper muscle function as reduced levels of TrkB affect the structure
and functioning of neuromuscular synapse (Kulakowski et al., 2011), and NGFTrkA retrogradely controls synapse assembly between spinal cord and
sympathetic ganglia (Sharma et al., 2010).
Furthermore, a huge body of evidence indicates a highly important role of
BDNF-TrkB signalling in memory formation: hippocampus-dependent learning
and long-term potentiation (LTP), which are accompanied by structural
enlargement of the dendritic spine, are dependent on postsynaptic BDNF release
and TrkB activation (Harward et al., 2016; Kovalchuk et al., 2002; Minichiello et
al., 1999; Monteggia et al., 2004).
TrkB regulates the function of neurons also indirectly: in oligodendrocytes, it
promotes proper myelination, guaranteeing a suitable environment for electrical
impulse propagation in neurons (Wong et al., 2013a).
Additionally, Trk receptors have functions outside of the nervous system. For
example, they affect vascularization, bone growth and the development and/or
functioning of heart, kidney, lung and some types of immune cells (Coppola et
al., 2004; Feng et al., 2015; García-Suárez et al., 2009; Hepburn et al., 2014;
Hutchison, 2013; Kermani et al., 2005; Sariola et al., 1991; and reviewed in
Bracci-Laudiero and De Stefano, 2016). BDNF-TrkB activity is even implicated
in the development of high blood pressure after chronic intake of very salty food
(Choe et al., 2015).

1.2. Signalling of Trk receptors
All functions of Trk receptors are dependent on their ability to ignite
downstream signalling pathways. The high-affinity interaction between two Trk
receptor molecules with one NT homodimer brings about receptor dimerization
and subsequent trans-auto-phosphorylation of receptor’s intracellular tyrosine
residues (Jing et al., 1992). The latter serve as docking sites and triggers for
downstream signalling cascades (Schlessinger and Ullrich, 1992). It has been
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postulated that a simultaneous interaction between NGF and both TrkA and
p75NTR is needed to create high-affinity binding sites for NGF (Esposito et al.,
2001). However, evidence in this direction is questionable and it has been
hypothesized that Trk and p75NTR interact indirectly through common
downstream pathways (Wehrman et al., 2007). Recently, however, a novel model
was proposed, which assumes that a dimer of NGF dimers is formed, establishing
a protein complex consisting of two TrkA, two p75NTR and four NGF molecules
(Covaceuszach et al., 2015).
Interestingly, TrkA and TrkB can be activated in the absence of neurotrophins,
for example by the neurosteroid dehydroepiandrosterone, or via G proteincoupled receptors (GPCR), such as the receptors of neuropeptide pituitary
adenylate cyclase-activating polypeptide (PACAP), serotonin or adenosine (Kruk
et al., 2013; Lazaridis et al., 2011; Lee and Chao, 2001; Lee et al., 2002). It has
been proposed that this transactivation by GPCRs is non-specific to tyrosine
kinases, and occurs via phospholipase C-γ (PLCγ) and reactive oxygen species
(Kruk et al., 2013). TrkB is also activated by epidermal growth factor (EGF) via
its receptor (EGFR), a process that regulates the migration of mouse embryonic
cortical neurons (Puehringer et al., 2013). Other transactivating mechanisms of
Trks are triggered by zinc ions and low-density lipoprotein receptor-related
protein 1 (LRP1; Huang et al., 2008; Shi et al., 2009). These transactivation
events are often mediated via a Src proto-oncogene (Src) kinase. However, the
role of zinc as an agonist of Trk receptors has been disputed, because it does not
activate TrkB receptor in vivo (Helgager et al., 2014)
The main pathways activated by Trks (Figure 1) are typical to receptor
tyrosine kinases in general and involve monomeric GTPases Ras and Ras
homolog (Rho), phosphoinositide-3-kinase (PI3K) and PLCγ (Sandhya et al.,
2013). Two tyrosines outside the kinase domain of Trks are the major sites for
incorporating downstream signalling molecules – phospho-Y496 (Trk numbering
here is based on TrkA) binds adaptor proteins SH2 domain containing adaptor
protein (Shc) and fibroblast growth factor receptor substrate 2 (Frs2), making it
the initiating point for Ras and PI3K pathways; and phospho-Y791 binds PLCγ
(Meakin et al., 1999; Obermeier et al., 1993).
The interplay of different signalling pathways starting from Trk receptors is
elaborate, culminating in various outcomes. However, a simplified picture
highlighting only a few important components of these processes is the following.
PLCγ activates the inositol phospholipid signalling pathway leading to activated
protein kinase C (PKC) and increased cytosolic Ca2+ concentration. This way,
activity and/or expression of many proteins is controlled, guaranteeing e.g.
BDNF-TrkB induced synaptic plasticity (Minichiello et al., 2002). Ras, on the
other hand, is involved in relaying the NT signal to the nucleus to alter gene
expression so that it would favour survival and neuronal differentiation, or nonneuronal proliferation. To do so, Ras activates the mitogen-activated protein
kinase (MAPK, originally called ERK, extracellular signal-regulated kinase)
cascade which in turn phosphorylates gene expression regulating proteins
(Marshall, 1995; Meakin et al., 1999). Trk signal reaches Rho GTPases through
15

different proteins and leads to changes in the cytoskeleton, a requirement for
neurite extension (Lai et al., 2012; Miyamoto et al., 2006; Nakamura et al., 2002).
Finally, PI3K creates lipid docking sites for downstream signalling molecules,
such as the protein kinase B (PKB, also known as Akt), thus transmitting cell
survival and growth signals of NTs (Crowder and Freeman, 1998). These four
signal pathways are not separate, however, and often function in concert by
relaying signal from one to another (Sandhya et al., 2013).

Figure 1. A simplified view of the signalling pathways initiated during the TrkNT interaction. One neurotrophin dimer causes two Trk receptors to dimerise and transphosphorylate, creating docking sites for downstream signal transducers, which activate
intracellular signalling pathways.

A crucial difference between TrkA and TrkB signalling was proposed by
Yves-Alain Barde and co-workers. Namely, TrkA along with TrkC, but not TrkB
are dependence receptors: in the absence of their ligand NTs, TrkA and TrkC
transmits death signal via p75NTR receptor (Nikoletopoulou et al., 2010).
Although this aspect of Trk biology is not very well studied, the kinases are
unsurprisingly modulated by protein tyrosine phosphatases (PTPs). The PTPs that
regulate either negatively or positively Trk-induced signalling are numerous, but
one study found that a PTP named PTPN12 is the most important for regulating
TrkB phosphorylation and, hence, signalling (Ambjørn et al., 2013).
The location of Trk receptors inside the cell is crucial for signal ignition and
relay. Trk receptors are transported in an anterograde fashion from the cell soma
16

inside neurites using the help of sortilin (Vaegter et al., 2011). Even in the tips of
neurites, Trks cannot be activated by NTs if the receptor is located in intracellular
vesicles and is not accessible from the plasma membrane. This property is
effectively used to regulate Trk signalling. For example, LTP induction is
dependent on the insertion of TrkB into the postsynaptic densities (PSD) in
response to neuron high-frequency stimulation. A sortilin related VPS10 domain
containing receptor 2 (SorCS2) has been shown to be responsible for recruiting
TrkB from intracellular stores into the activated synapse and thus guarantee its
activation and signalling potential (Glerup et al., 2016).
The properties of the activated kinase are also dependent on intracellular
logistics. It has been known already since the 1970s that NGF is internalized and
retrogradely transported inside the axons to the cell soma in membranous vesicles
(extensively reviewed in Thoenen and Barde, 1980). This effect was described in
more detail during the last decade of the 20th century using compartmented
chambers where axon terminals and cell bodies are grown in different conditions.
Namely, for nuclear responses of NTs to take place, that is the induction of
immediate-early genes, the NGF-TrkA or BDNF-TrkB receptor complex on the
tips of neurites must be rapidly translocated to the cell soma inside an endosome
along microtubules using retrograde vesicular transport (Riccio et al., 1997;
Watson et al., 1999). In line with this finding, NGF-TrkA complexes and many
associated downstream signalling proteins were detected in the retrograde
trafficking of endosomes in DRG neurons (Delcroix et al., 2003). It is also known
that dynein motor proteins are responsible for the relocation of endosomes
containing activated Trk kinases (Heerssen et al., 2004). As an example of the
importance of this process, one of the symptoms of Down syndrome – the loss of
sympathetic neurons, takes place because of impaired endocytosis of TrkA (Patel
et al., 2015).
TrkA endosomes of rat sympathetic neurons can escape lysosomal fusion and
degradation for up to 25 hours (Suo et al., 2014). This feat is achieved via
recycling of endocytic vesicles and is probably needed to guarantee a sufficiently
long signalling in the cell soma. However, the regulation of Trk receptor activity
also includes ubiquitination and proteolysis that is needed for proper protein
levels and hence, a correct level of signalling from Trks (Arévalo et al., 2006;
Geetha et al., 2005; Jadhav et al., 2008; Yu et al., 2014). In response to PKC
activation and NGF treatment, TrkA is also subject to endoproteolysis that
generates soluble ectodomain and membrane-bound kinase that is highly
phosphorylated (Cabrera et al., 1996).
Trks also signal locally, for example, inside the synapse to directly modulate
its activity. This can be achieved via changing the activity or localization of
various receptors, channels and neurotransmitters (Blum et al., 2002; Melo et al.,
2013; Narisawa-Saito et al., 2002).
Interestingly, TrkA endosomes are able to transition into retrogradecompetent endosomes only if TrkA is bound to NGF, but not in the case of NT3.
This is most probably because TrkA-NT3 complexes are more labile in the acidic
environment of the early endosomes, restricting TrkA-NT3 signalling to synapses
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(Harrington et al., 2011). It was uncovered recently that BDNF and NT4 also
activate TrkB endocytosis differently: BDNF induces TrkB phosphorylation,
ubiquitination and degradation more rapidly than NT4, while the latter guarantees
a longer duration of TrkB signalling (Proenca et al., 2016).

1.3. Organization of human TrkA and TrkB genes
TrkA and TrkB genes are, at a first glance, very different – TrkA that is located
on chromosome 1 spans 23 kb and has been described to contain 17 exons, while
TrkB stretches to 350 kb on chromosome 9 and contains, according to a detailed
investigation by Stoilov and co-workers, 24 exons (Nakagawara et al., 1995;
Stoilov et al., 2002; Valent et al., 1997). The divergence in size is mainly
attributable to large intron sizes in the case of TrkB (Nakagawara et al., 1995).
Another difference between TrkA and TrkB lies in their 5’ untranslated region
(UTR) which is contained in the first exon of TrkA, but is produced using
alternative initiation sites and splicing of exons 1-5 in the case of TrkB (Stoilov
et al., 2002). This long 5’ UTR has been shown to fold into an internal ribosome
entry site (IRES) that provides cap-independent translation initiation (Dobson et
al., 2005). Also, the 3’ UTR of TrkB can reach a substantially greater length than
TrkA 3’ UTR (Klein et al., 1989).
Protein-coding exons of TrkA and TrkB are much more similar between the
two genes (Figure 2). First, a signal sequence for membrane localization is
encoded after translation initiation site in both TrkA and TrkB sequences (Klein
et al., 1989; Martin-Zanca et al., 1989). Second, exons 1-5 of TrkA and 5-9 of
TrkB encode three leucine-rich repeats flanked by cysteine-rich clusters and these
amino acid residues together fold into a single physical domain (Wehrman et al.,
2007). Third, the extracellular portion of Trks has additionally two more distinct
domains, both of which are immunoglobulin (Ig)-like domains (Schneider and
Schweiger, 1991). The first Ig-like domain is encoded by two separate exons and
the second Ig-like domain by a single exon in the case of both TrkA and TrkB
(Wehrman et al., 2007).
The biggest variation among protein-coding sequences between TrkA and
TrkB is in the exons that encode the unstructured juxta-membrane parts of Trks,
that is exons 9-12 of TrkA and 13-19 of TrkB. The transmembrane portion is
encoded by exon 11 of TrkA and by exon 15 of TrkB. Exons 13-17 of TrkA and
20-24 of TrkB encode the tyrosine kinase domain (Klein et al., 1989; MartinZanca et al., 1989).
Alternative splicing has been described for human TrkA gene for cassette exon
9 that contains only 18 nucleotides, generating transcripts either without exon 9
that encode for TrkAI isoform, or transcripts with exon 9 from which TrkAII is
translated (Barker et al., 1993). Additionally, TrkAIII isoform that was first found
in neuroblastomas, is produced from transcripts where exons 6, 7 and 9 are
spliced out (Tacconelli et al., 2004).
For human TrkB, a bigger variety of alternative transcripts is known: exons 13
and 17, which encode parts of juxta-membrane sequences, are cassette exons, and
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exons 16 and 19 serve as alternative 3’ exons generating TrkB-T1 and TrkB-TShc protein isoforms that lack the kinase domain (Hackett et al., 1998; Klein et
al., 1990a; Middlemas et al., 1991; Stoilov et al., 2002).

Figure 2. Simplified schematic representation of TrkA and TrkB receptor
proteins, and transcripts of TrkA and TrkB. (A) a general structure of a Trk kinase. Nterminus is depicted on the left and C-terminus on the right. Shc and PLCγ binding sites
are indicated. (B) and (C): known transcripts of TrkA (B) and TrkB (C). Boxes represent
exons and are drawn to scale. Coloured boxes symbolize protein-encoding exons. Lines
indicate possible junctions between exons. ATG – translation start-site; * - translation
termination site; MSS – membrane signal sequence; C & L rich – cysteine and leucine
rich sequence; IG like – immunoglobulin-like domain; TM – transmembrane.

TrkA mRNA has two in-frame AUG codons in the 3’ part of exon 1, of which
the second has been shown to be the main translation-initiation site, although the
first can also be used (Martin-Zanca et al., 1989).
In other vertebrates, more alternative transcripts for both TrkA and TrkB have
been described that encode alternative protein isoforms. This includes TrkB
proteins that don’t bind NTs, because they lack some or all of the leucine-rich
repeats; deletions and insertions in the juxta-membrane region; and different
truncated isoforms with unique intracellular tails (Garner et al., 1996; Middlemas
et al., 1991; Ninkina et al., 1997). For TrkA, evidence of isoforms without some
or all of the leucine-rich repeats in thymus has come from the detection of
transcripts lacking exons 2-3 or 2-4 (Dubus et al., 2000). There is also one
publication describing TrkA transcripts with 5’ end inside exon 8 (Forrest et al.,
2006).
As a side note, it can be mentioned that similarly to TrkB transcripts, TrkC
mRNAs have been detected which encode receptors with or without the kinase
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domain, but additionally some TrkC transcripts contain insertions in the region
encoding the kinase domain (Lamballe et al., 1991; Tsoulfas et al., 1993;
Valenzuela et al., 1993).

1.4. TrkA and TrkB protein isoforms’ characteristics
The full-length TrkB (TrkB-FL), TrkAI and TrkAII have a calculated
molecular weight of approximately 90 kDa, but due to glycosylation, the proteins
are detected mainly in a fully-glycosylated 140…145 kDa form and, to a lesser
extent, as partially-glycosylated 110 kDa protein (Klein et al., 1989; MartinZanca et al., 1989).
As a common property, both TrkA and TrkB isoforms which lack the
extracellular juxta-membrane region encoded by exon 9 of TrkA and exon 13 of
TrkB, namely TrkAI and TrkBΔ13, are more specific for their main ligands –
NGF or BDNF, and give weaker responses to NT3 and NT4 than the full-length
receptors (Clary and Reichardt, 1994; Strohmaier et al., 1996). Thus, although
the main ligand-binding region of Trk receptors is the second Ig-like domain, the
proximally located juxta-membrane region also plays a role (Wiesmann et al.,
1999).

1.4.1. TrkA
The lab of Andrew Reay Mackay in Italy discovered TrkAIII and it has been
one of the few to study this protein isoform. Their results demonstrate some
specific functionalities that Trk isoforms can have. TrkAIII, lacking the first Iglike domain compared to TrkAI, has been shown to be incompletely glycosylated
and is expressed on internal membranes – it is not transported to the plasma
membrane, because it is continuously shuffled back from early Golgi network to
the endoplasmic reticulum, where it starts to accumulate (Farina et al., 2009,
2015). TrkAIII is thus unable to bind NGF, but it is auto-activated and signals
constitutively via PI3K but not via MAPK cascade, hence steering the cell away
from differentiated phenotype and leading to tumorigenicity (Tacconelli et al.,
2004).
Additional mechanisms contribute to TrkAIII-induced malignancy. TrkAIII is
recruited to the centrosome, induces centrosome amplification and thus generates
genetic instability (Farina et al., 2009). Furthermore, TrkAIII opposes
mitochondrial free-radical mediated death in neuroblastomas (Ruggeri et al.,
2014). In agreement with this, it has been shown that lab-generated TrkA mutants,
which lack either one or both Ig-like domains, are prone to auto-activation and
are tumorigenic in mouse models (Arevalo et al., 2000).

1.4.2. TrkB
TrkB isoform levels must be balanced to guarantee a normal number of
cortical and hippocampal neurons – excess of TrkB-T1 induces apoptosis and
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restoration of physiological levels of TrkB-T1 rescues neuronal cell numbers
(Dorsey et al., 2006). On the other hand, TrkB-T1 knock-down animals have
neurite abnormalities and shorter dendrites in amygdala, and show increased
anxiety (Carim-Todd et al., 2009).
The exact mechanism of TrkB-T1 function has been a topic of hot discussion.
For a long time it was believed that TrkB-T1 only serves as a dominant negative
regulator of BDNF effects. This was because TrkB-T1 inhibits TrkB-FL
dimerization, thus hindering the activation of downstream signalling cascades
(Eide et al., 1996). Furthermore, TrkB-T1 expressed by non-neuronal cells
reduces the ability of nearby neurons to grow neurites in response to BDNF (Fryer
et al., 1997). This is probably due to BDNF sequestration by TrkB-T1, which is
internalized after BDNF binding, and thus limits BDNF effects spatially by
avoiding its diffusion (Biffo et al., 1995).
However, it was shown later that TrkB-T1 also has signalling properties.
Namely, TrkB-T1 in glial cells is capable of initiating Ca2+ release from
intracellular stores, and to modulate Rho activity to regulate cell morphology
(Ohira et al., 2005; Rose et al., 2003). TrkB-T1 also induces neuronal dendrite
elongation that is distinguishable from TrkB-FL-dependent neurite growth
(Yacoubian and Lo, 2000). Furthermore, TrkB-T1 dictates cortical neural stem
cells to become glial cells via activating an intracellular signalling pathway that
includes PKC (Cheng et al., 2007).
TrkB-T1 has also been noted to regulate heart contraction force in a manner
that is independent of the nervous system. TrkB-T1 is expressed in
cardiomyocytes, and BDNF activates this receptor in an auto- or paracrine
manner and induces Ca2+ signalling, leading to enhanced contraction force
(Fulgenzi et al., 2015).
A fascinating example of the relevance of TrkB isoforms can be seen in the
case of sexually dimorphic development of the mammary gland. More
specifically, in response to testosterone, a shift occurs in the alternative splicing
pattern of TrkB transcripts inside the sensory neurons innervating the developing
mammary gland, leading to the production of TrkB-T1 proteins instead of TrkB
kinases. This, in turn, results in axon pruning and termination of the mammary
gland development in males as a response to the loss of innervation (Liu et al.,
2012).
TrkB-T-Shc isoform is much less characterized, but it is known that it
localizes to the plasma membrane, although it is not phosphorylated by TrkB-FL
(Stoilov et al., 2002). Its precise function is unknown.

1.5. Gene expression patterns in space and time
1.5.1. TrkA
TrkA was first described in mice as a specific marker for some types of sensory
ganglia, e.g. DRG and trigeminal ganglia (Martin-Zanca et al., 1990). TrkA is
also expressed in high levels in sympathetic ganglia and in some parts of the CNS,
namely in cholinergic neurons of the basal forebrain, and in caudate-putamen
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(Holtzman et al., 1992; Schecterson and Bothwell, 1992). Some types of immune
system cells also express TrkA (Ehrhard et al., 1993a, 1993b).
It was first described that TrkA expression in mouse coincides with major
developmental processes of the nervous system, beginning at embryonic day
number 9 (E9) and remaining stable after E13 (Martin-Zanca et al., 1990). It is
believed that this expression is first needed in a brief window of time to guarantee
the survival of neurons, and later to ensure proper pain functionalities.
Interestingly, TrkA is expressed also much earlier in mouse embryos at blastocyst
stage, although in human embryonic stem cells it is not (Moscatelli et al., 2009;
Pyle et al., 2006). NGF stimulates the growth of mouse embryonic stem cell lines
while retaining the expression of pluripotency markers, e.g. octamer-binding
transcription factor 4 (Oct4) and Nanog (Moscatelli et al., 2009).
In the nervous tissue, mainly transcripts encoding TrkAII have been observed,
and TrkAI-encoding transcripts have been detected in non-neuronal tissues, such
as the kidney (Barker et al., 1993). TrkAIII mRNAs are produced in response to
hypoxia in neuroblastoma cells and are also present in undifferentiated early
neural progenitors, murine and human thymus and a subset of other neural crestderived tumours (Tacconelli et al., 2004, 2007).

1.5.2. TrkB
TrkB has a higher and spatially wider expression in rodents than TrkA. In
mouse, TrkB mRNA was first detected mostly in many regions of the central and
peripheral nervous systems, but, to a lower level, also in lung, muscle, heart,
kidney, testis and ovary (Klein et al., 1989). TrkB expression starts in mouse
similarly to TrkA from E9, when the major events of the nervous system
development take place (Klein et al., 1990b). However, these preliminary studies
used riboprobes against TrkB mRNA regions that encode for the extracellular
domain of TrkB, thus combining information of both the full-length and truncated
receptors.
The same study that described the discovery of TrkB-T1 also made a first step
in characterizing the variation in mouse TrkB-FL and TrkB-T1 transcripts’
expression and concluded that the differences are major (Klein et al., 1990a). In
many animal species, TrkB-FL-encoding mRNA expression is mainly limited to
neurons, while TrkB-T1 mRNA is also expressed by non-neuronal cells (Biffo et
al., 1995; Frisén et al., 1993; Ylikoski et al., 1993). It has been observed in human
that transcripts encoding TrkB-FL and TrkB-T-Shc are primarily expressed in the
brain, while TrkB mRNAs containing exon 16, from which TrkB-T1 is produced,
are present at high levels at least in brain, pancreas, heart and kidney (Stoilov et
al., 2002). In human brain, TrkB-FL-encoding transcripts are the most abundant
in the cerebellum, the cerebral cortex and the hippocampus (Benisty et al., 1998;
Romanczyk et al., 2002). TrkB transcripts without exon 13 have been detected in
the human retinal pigmented epithelial cells (Hackett et al., 1998).
In rat, the expression of TrkB mRNAs encoding TrkB-FL peaks around birth
and decreases with age in many brain regions, including the hippocampus and the
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frontal cortex (Croll et al., 1998; Fryer et al., 1996). In contrast, TrkB-T1encoding transcripts are more abundant in the brains of aged rats as compared to
new-borns (Fryer et al., 1996; Silhol et al., 2005). TrkB expression pattern is more
complex in humans. TrkB-FL mRNAs decrease after human neonatal period both
in the hippocampus and in the temporal cortex, however, TrkB-T1-encoding
transcripts are expressed at the same level throughout the lifespan in human
temporal cortex and even decline in the hippocampus in higher age (Webster et
al., 2006). Human prefrontal cortex (PFC) displays an additional pattern: TrkBFL mRNA levels peak in early adulthood and decline in elderly, while no
statistically significant changes in TrkB-T1-encoding transcripts were detected
(Romanczyk et al., 2002). It is possible that the exceptionally late maturation of
human PFC requires a delayed expression of TrkB-FL (Johnson et al., 2009).
The same tendency as described for rat mRNAs was seen for rat proteins:
TrkB-FL is detectable in rat at E13 and its levels are the highest at or shortly after
birth and decrease slowly with age, while TrkB-T1 increases continuously (Fryer
et al., 1996; Fukumitsu et al., 1998; Silhol et al., 2005). Similarly, TrkB-FL levels
peak during intermediate foetal period in most CNS regions of macaque monkey
and stay relatively constant into adulthood, albeit TrkB-T1 levels reaching a
maximum much later, in postnatal period (Ohira et al., 1999).

2. Role of Trk receptors in disease
Trk receptors regulate a vast array of physiological and anatomical functions
in mammals, therefore, as can be expected, their dysregulation leads to multiple
types of diseases. For example, the loss of one allele of either BDNF or TrkB
leads to mental retardation, obesity and cognitive deficits (Gray et al., 2006; Yeo
et al., 2004). This chapter should be taken as a list of examples, which names only
some of the best known conditions that are connected to Trk expression and
function, and is by no means exhaustive in its depth. The main emphasis here is
on conditions where Trk agonist or antagonist implementation is currently
considered and/or which accidental induction as a side-effect of Trk-modulatory
compounds needs to be taken seriously into account before the start of the
treatment.

2.1. Pain, injury and inflammatory diseases
NGF-TrkA and BDNF-TrkB activity modulates pain perception and
inflammation in fascinatingly many ways that often intersect and, therefore, are
here discussed together.
First, nociceptors depend on TrkA expression. Almost all nociceptors are lost
in TrkA knock-out animals, leading to the lack of pain perception (Smeyne et al.,
1994). Similarly, in human, different mutations in TrkA gene that affect the
functioning or expression of TrkA cause congenital insensitivity to pain with
anhidrosis (CIPA, also known as hereditary sensory and autonomic neuropathy
type IV, HSAN4), which is an autosomal recessive disorder (Shaikh et al., 2016;
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and reviewed in Indo, 2010). Unmyelinated and thinly myelinated peripheral
nociceptive fibres, and eccrine sweat glands are lost in CIPA patients. These
individuals have episodic fevers, are unable to sweat, fail to react to noxious
stimuli, have self-mutilating behaviour and, typically, are intellectually disabled
(reviewed in Indo, 2010). A closely related condition to HSAN4 is HSAN5,
which is caused due to mutations in the NGF gene and has many common
symptoms with HSAN4 (Yozu et al., 2016). Therefore, the ability to sense pain
is crucially dependent on NGF-TrkA signalling.
Second, in response to injury or inflammation, many immune system cells are
able to produce NGF (Leon et al., 1994; Lindholm et al., 1987; Shutov et al.,
2016). In a murine model of asthma, NGF is upregulated in response to allergen
challenge, and NGF in return leads to increased levels of IgE and interleukins 4
and 5, thereby augmenting the local inflammatory response (Braun et al., 1998).
Also in human asthma patients, NGF levels are greatly increased (Bonini et al.,
1996). Furthermore, allergen provocation in allergic asthma patients caused
upregulation of all Trk receptors and the p75NTR receptor in eosinophils from the
lung but not in eosinophils from the peripheral blood – an effect which leads to
an NT-dependent increase in the survival and activation of these allergypromoting cells specifically in asthmatic lungs (Nassenstein et al., 2003).
Also, BDNF levels are increased in a mouse asthma model (Hahn et al., 2006).
BDNF-TrkB activity has been noted to be involved in asthma by contributing to
airway narrowing and limited airflow via promoting the proliferation of airway
smooth muscles (Aravamudan et al., 2012).
NGF is also increased in inflamed skin, and in return contributes to
inflammation (Donnerer et al., 1992). Thus, a vicious cycle of signal
amplification is formed in inflammation: NGF can activate e.g. mast cells which
start to produce pain mediators: serotonin, histamine and, again, NGF
(Kawamoto et al., 2002). However, a contradictory result was found recently:
NGF acting through TrkA reduces monocyte-mediated inflammation (Prencipe
et al., 2014). Therefore, the role of NGF-TrkA in inflammation is most probably
very complex.
Third, these elevated levels of NGF that are produced after injury or
inflammation, also augment pain. Intradermal or intramuscular administration of
NGF increases pain perception (Gerber et al., 2011; Rukwied et al., 2010). NGFactivated TrkA signals through PLCγ to induce nociceptor hypersensitivity by
lowering the opening threshold of the cation channel named transient receptor
potential cation channel subfamily V member 1 (TRPV1), that responds to
mechanical, thermal and chemical stimuli (Chuang et al., 2001). TrkA signalling
via different pathways enhances nociceptor firing also because it increases
TRPV1 expression and enhances its trafficking to the plasma membrane, and upregulates other genes that also lead to nociceptor sensitization (Ji et al., 2002;
Kerr et al., 2001; Lindsay and Harmar, 1989; Stein et al., 2006).
Fourth, NGF-TrkA can induce nerve sprouting in cancerous tissue and thus,
markedly increase cancer pain (Mantyh et al., 2010).
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Fifth, BDNF-TrkB axis is also involved in some pathological pain states, for
example, in neuropathic pain. This is a severe and debilitating chronic illness,
where injury, pathology or infection have caused lesions to the somatosensory
nervous system. Neuropathic pain is not simply a long-lasting acute pain warning
the organism of potentially threatening circumstances, but rather a pathological
condition with no benefits for survival. Neuropathic pain manifests because of a
shift in inhibitory and excitatory control into and from the spinal cord leading to
exaggerated and spontaneous pain that often doesn’t respond to currently
available treatments (reviewed in Beggs et al., 2012). Neuropathic pain arises
because damaged nerves activate microglia, which start to secrete BDNF, among
other factors (Inoue et al., 2007). BDNF from microglia activates TrkB in spinal
lamina I neurons and this decreases the levels of K-Cl cotransporter KCC2, a
process that causes an increase in intracellular Cl– concentration and hence leads
to weaker or even reversed GABA-elicited currents (Coull et al., 2003, 2005). In
this way, signals that are normally inhibitory, are weaker or even become
excitatory, causing aberrantly high pain perception. A similar mechanism is
taking place in inflammation-induced pain (Zhang et al., 2008), because
inflammation increases the levels of both BDNF and TrkB (Lin et al., 2011).
TrkB-T1 has also been implicated in the development of neuropathic pain.
Specifically, after spinal cord injury, TrkB-T1 is upregulated and via modulating
cell cycle pathways, it induces neuropathic pain (Wu et al., 2013).

2.2. Neurodegeneration
Taking into account that NT-Trk signalling contributes to the survival and
maintenance of many types of neurons, it is only logical to assume that decreased
strength of this signal would lead to reduced cellular viability. Indeed,
dysregulation of Trks has been implicated in many types of neurodegeneration,
of which Alzheimer’s disease (AD), Huntington’s disease (HD) and Parkinson’s
disease (PD) are here discussed in more detail.
The first of these, AD, is the most common form of dementia and has
symptoms such as severe memory loss, changes in mood, confusion, motor
problems and behavioural issues. Extensive loss of neurons and synapses is seen
in cerebral cortex and some other brain regions in AD patients (reviewed in
Bekris et al., 2010).
Cholinergic neurons form a dominant part of the forebrain circuitry involved
in short-term memory and cognition, or more specifically – attention (reviewed
in Everitt and Robbins, 1997; Parikh et al., 2007). NGF affects the survival,
differentiation and function of cholinergic neurons (Hartikka and Hefti, 1988).
TrkA, TrkB, TrkC and BDNF but not p75NTR levels are significantly reduced in
AD patients (Counts et al., 2004; Ginsberg et al., 2006; Peng et al., 2005).
Additionally, suppression of TrkA in cholinergic neurons of rats simulates
symptoms of AD: it leads to cognitive decline accompanied with a lower level of
acetylcholine release, and decreased density of cholinergic processes in the cortex
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of aged rats, even though the number and size of neurons is not affected (Parikh
et al., 2013).
AD is a somewhat cryptic disease and it has turned out to be difficult to
discriminate cause from effect. However, on the molecular level, two major types
of changes are apparent: accumulation of extracellular amyloid-β peptides (Aβ)
into amyloid plaques and increased level of intracellular tangles of tau protein.
According to one popular view, extracellular Aβ accumulation is the driving force
of the development of AD (Jack Jr et al., 2010; McLean et al., 1999; Näslund J et
al., 2000). Elevated levels of Aβ and reduced signalling of BDNF through TrkB
both impair hippocampal LTP and learning, mimicking some aspects of AD
(Cleary et al., 2005; Korte et al., 1995; Minichiello et al., 1999; Patterson et al.,
1996; Walsh et al., 2002). Furthermore, Aβ oligomers decrease BDNF levels in
human SH-SY5Y neuroblastoma cell line, decrease TrkB-FL and increase
truncated TrkB levels, reduce the signal strength from TrkA and TrkB in response
to their ligands, and hinder the retrograde transport of Trk-NT complex by
disrupting the ubiquitination of Trk kinase (Garzon and Fahnestock, 2007;
Kemppainen et al., 2012; Poon et al., 2011, 2013; Tong et al., 2004; Zheng et al.,
2015). Also, BDNF was seen being accumulated around amyloid plaques, a
process that can sequester BDNF and make it less accessible to TrkB (Rantamäki
et al., 2013).
One of the competing hypotheses for AD inception is that the main culprit in
this disease is abnormally elevated level of intracellular tangles of microtubuleassociated protein tau (Gray et al., 1987). According to this view, a high level of
intracellular tangles leads to a gradual disintegration of microtubules and,
eventually, to the death of the affected cell (Goedert et al., 1991). Although
BDNF levels are not changed in tau transgenic mice who have AD-like taupathology (Burnouf et al., 2012), synaptic plasticity evoked by exogenous BDNF
is lost in these animals (Burnouf et al., 2013). Apparently, tauopathy disturbs
BDNF-TrkB signalling, because of excessive TrkB accumulation in the cell soma
and in tau-affected dendrites (Mazzaro et al., 2016).
In conclusion, many aspects of AD still remain to be discovered, yet it is clear
that functioning of Trk receptors is severely impaired in the development of AD.
For this reason, Trk-agonistic treatment has been proposed for AD (Rafii et al.,
2014). A recent finding supported this view from an interesting angle: apparently,
NGF acting through TrkA reduces the cleavage of amyloid precursor protein
(APP) and therefore, less Aβ is formed (Triaca et al., 2016). These results also
suggest that disruption of the NGF control over APP might be lost in AD, which
could have a causative role in the pathogenesis of this disease.
Also in HD, a severe inherited neurodegenerative disorder with a major loss
of striatal neurons, BDNF-TrkB signalling is attenuated. HD is a rare disease that
is caused by a dominant mutation in the gene Huntingtin and first manifests as
minor problems with mood and cognitive abilities. Later, coordination becomes
increasingly more difficult, until speaking becomes impossible. Decline in mental
abilities finally leads to dementia. No treatment for HD is available (reviewed in
Roos, 2010). The levels of BDNF and TrkB protein have been reported to be
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reduced in HD (Ginés et al., 2006; Zuccato et al., 2008). However, in the early
stages of a mouse model of HD, BDNF and TrkB levels are not changed, albeit
signalling of TrkB after BDNF treatment is compromised (Nguyen et al., 2016;
Plotkin et al., 2014). In older HD mice and patients, TrkB expression is
significantly reduced, accompanied with a marked increase in p75NTR levels
(Brito et al., 2013). This elevated p75NTR expression has been reported to be
responsible for counteracting TrkB signalling and for inhibiting synaptic
potentiation in response to BDNF already in early stages of the disease in a mouse
model (Plotkin et al., 2014). Nevertheless, a recent report stated that p75NTR
signals in early stages of HD to guarantee neuronal survival, and removing p75NTR
augments HD symptoms (Wehner et al., 2016). Problems with TrkB signalling in
HD are also underlined with a finding that the mutated Huntingtin impairs TrkB
retrograde transport, thus contributing to signal interference (Liot et al., 2013).
Neurodegeneration of the PD is also accompanied with reduced levels of
BDNF mRNA and protein in substantia nigra (Howells et al., 2000; Mogi et al.,
1999; Parain et al., 1999). The latter is the brain region producing dopamine
where a massive cellular death occurs in PD. The symptoms of PD mainly include
motor problems. In the beginning of the disease, slow, rigid and shaking
movements can be observed, in the later stages, cognitive decline often follows.
The cause of PD is unknown and there is no cure for this disease, even though
there are medications that can relieve the symptoms to some degree (Jankovic,
2008). The neurons that degenerate in PD are dependent on BDNF for survival,
furthermore, BDNF can counter dopaminergic cellular death induced by 1methyl-4-phenylpyridinium (MPP+) – a chemical used to generate animal models
of PD (Hyman et al., 1991).

2.3. Epilepsy and excitotoxicity
BDNF is upregulated in response to neuronal activity (Zafra et al., 1990).
Therefore, it is no surprise that epileptic seizures drive BDNF upregulation.
Indeed, after status epilepticus both BDNF levels and phosphorylated portion of
TrkB protein are elevated (Danelon et al., 2016; Liu et al., 2013; Nawa et al.,
1995). BDNF-TrkB signalling has been shown to be aggravating the effects of
epilepsy (Heinrich et al., 2011; Scharfman et al., 2002). In agreement with this, a
conditional knock-out of TrkB in mouse hippocampus hindered epileptogenesis,
i.e. normal brain becoming epileptic, in a kindling model (He et al., 2004).
Additionally, inhibiting TrkB kinase after status epilepticus prevented the
development of epilepsy, reduced anxiety-like behaviour and avoided excessive
cell death in the hippocampi of mice (Liu et al., 2013).
One possible mechanism by which BDNF-TrkB signalling augments epileptic
activity is downregulating K–Cl cotransporter KCC2 in the hippocampus, which
manifests as a higher intracellular Cl– concentration and leads to a reduced
GABA-mediated neuronal inhibition potential (Rivera et al., 2002, 2004).
Because this change in homeostasis puts neurons in a state where they are less
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prone to inhibition, this might lead to the induction of excess neuronal activity
and the establishment of epileptic status.
However, the involvement of BDNF-TrkB signalling in regulating
epileptogenesis is complex, as some studies have also observed that elevating
BDNF or TrkB-FL levels or downregulation of TrkB-T1 is protective against
epileptogenesis and against the cell loss accompanying it (Kuramoto et al., 2011;
Reibel et al., 2000; Vidaurre et al., 2012).
The latter effect is in accordance with recent findings about the fate of TrkB
proteins in neurodegeneration due to excitotoxicity. Namely, based on in vitro
experimental models, a number of papers have indicated that there might be a
common mechanism by which TrkB-FL receptor is downregulated and TrkB-T1
upregulated in response to excitotoxicity occurring during brain ischemia,
epileptiform discharges and Aβ accumulation (Danelon et al., 2016; Gomes et al.,
2012; Jerónimo-Santos et al., 2014; Vidaurre et al., 2012; Xie et al., 2014). It is
apparent from these studies that this happens because of two reasons. First, TrkB
mRNAs encoding TrkB-FL receptors are downregulated and mRNAs encoding
TrkB-T1 are upregulated. Second, TrkB-FL receptor is subject to calpain
proteolysis in these disease states and the cleavage produces a membrane-bound
ectodomain and intracellular soluble kinase domain.
Although some publications report that also in animal models of epilepsy
TrkB-FL is downregulated after status epilepticus, others disagree and see no
change in the levels of this receptor kinase (Unsain et al., 2008; versus Danzer et
al., 2004). It is possible, that these discrepancies are due to the use of different
types of epilepsy models, which impact neuronal viability in different degrees.
Possibly, higher level of post-seizure cell death correlates with more pronounced
decreases in TrkB-FL levels (Unsain et al., 2008).

2.4. Cancer
Abnormally high activity of Trk receptors has been shown to be involved in
the progression and maintenance of multiple types of cancerous states, including
neuroblastomas (Kaplan et al., 1993; Kogner et al., 1993; Nakagawara et al.,
1993, 1994), breast (Davidson et al., 2003; Descamps et al., 1998, 2001), prostate
(Djakiew et al., 1991) and pancreatic cancer (Sclabas et al., 2005). However,
there is no simple correlation of the expression level of Trk proteins and outcome
prognosis for cancer patients. For example, on the topic of breast cancer, some
reports conclude that TrkA is correlated with a good prognosis while others have
documented its high activity specifically in progressed and metastatic states
(Davidson et al., 2003; Descamps et al., 2001). This contradiction may be in part
due to different properties of alternative Trk isoforms – it has been shown in
neuroblastoma-derived cells that while TrkAI signal is responsible for
differentiation and growth arrest, TrkAIII promotes tumorigenic cell behaviour
by rendering the kinase constitutively active and capable of signalling through
the PI3K/PKB pathway, but not via the Ras/MAPK signal transduction cascade
(Tacconelli et al., 2004). In case of Wilms’ tumour, the expression of TrkB-FL is
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associated with poor prognosis, but truncated isoforms lacking the kinase domain
suggest a better outcome (reviewed in Thiele et al., 2009). This notion seems to
agree with many other reports of different cancers, for the active kinase of TrkB
seems to confer malignant and multidrug-resistant phenotype, as illustrated in the
case of neuroblastomas (Matsumoto et al., 1995; Nakagawara et al., 1994),
ovarian cancer (Yu et al., 2008), nasopharyngeal carcinoma (Li et al., 2014), etc.
Nevertheless, there is a publication that announces the active role of TrkB-T1 in
pancreatic cancer metastasis through a RhoA-activating manner (Li et al., 2009).
The crucial role of TrkB kinase in tumour development is underlined by two
further aspects. First, its ability to suppress anoikis. This term refers to a type of
programmed cell death, specifically to the one which extracellular matrixdetached cells undergo. Some cancer cells can resist anoikis and travel via
lymphatic or blood vessels to other regions of the body where they can reattach
and form metastases. It has been shown that TrkB is responsible for anoikis’s
suppression in at least some types of tumours with its kinase activity required for
cell survival and therefore promotes the establishment of metastases (Douma et
al., 2004; Geiger and Peeper, 2007; Yu et al., 2008). Second, the active kinase
domain of TrkB stimulates neovascularization and angiogenesis (Hu et al., 2007;
Kermani et al., 2005; Nakamura et al., 2006), processes essential for tumour and
metastasis growth.
Oncogenic TrkA rearrangements have been observed in a small subset of lung
cancer (Vaishnavi et al., 2013) and papillary thyroid tumours (reviewed in
Pierotti et al., 1996). These rearrangements produce proteins with a constitutively
active TrkA kinase domain. Indeed, TrkA was first characterized from human
colon carcinomas as a fusion of its transmembrane and kinase domains to
tropomyosin formed due to somatic rearrangement of the corresponding genes
(Martin-Zanca et al., 1986). However, the percentage of tumours containing Trkrearrangements is considered relatively low even in the abovementioned groups
(reviewed in Thiele et al., 2009).

2.5. Depression
Major depressive disorder is a debilitating and life-threatening disease, which
is a big public health problem with a high lifetime prevalence of 12-20 % in
western countries (Jacobi et al., 2005). Although the true cause and
developmental mechanisms of depression are unknown, it seems that neuronal
connectivity problems might be to blame. Research has pinpointed the BDNFTrkB signalling axis to be important in the development and especially in the
treatment of depression, most probably due to modulation of neuronal plasticity
(Castrén and Kojima, 2016; Rantamäki and Yalcin, 2016).
The conventional antidepressants used clinically promote the action of
serotonin or noradrenaline in the brain. In response to antidepressant use, the
levels of these monoamines rise rather quickly, however, the behavioural
antidepressant effect typically comes only after weeks of treatment (Trivedi et
al., 2006). For this reason, mechanisms downstream of monoamine
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neurotransmission are thought to exhibit the main effect in fighting depression.
One of the hypotheses in this field has been that the activation of TrkB signalling
is responsible for the true antidepressant effect, presumably via increasing
synaptic plasticity and/or affecting hippocampal neurogenesis. Evidence for this
conclusion comes from studies which show that BDNF and TrkB levels in the
serum, hippocampus and cortex of depressed patients are lower than in healthy
control subjects, but rise to normal levels after antidepressant treatment (Chen et
al., 2001; Gonul et al., 2005; and reviewed in Castrén and Kojima, 2016). Even
though the role of TrkB signalling as a cause of depression is controversial, it
seems to be imperative for antidepressant action. Namely, TrkB-T1
overexpression and full or partial knock-out of BDNF or TrkB does not seem to
be affecting the depression-related behaviour in rodents, it is critically obstructing
the function of antidepressants according to behavioural tests (Adachi et al.,
2008; Li et al., 2008; Monteggia et al., 2004; Saarelainen et al., 2003). This effect
is most probably caused by the induction of phosphorylation and activation of
TrkB by antidepressants in animal models (Saarelainen et al., 2003).
All classes of antidepressants have been shown to increase the levels of both
BDNF and TrkB mRNA (Nibuya et al., 1995). Antidepressants are also effective
in preventing stress-induced reduction in BDNF levels (Castrén, 2014). In
addition, all types of antidepressants have been shown to rapidly increase the
level of TrkB phosphorylation and activation of the PLCγ signalling pathway.
However, this effect has been shown to be independent of BDNF and
monoamines (Rantamäki et al., 2007, 2011; Saarelainen et al., 2003). Which
molecular route activates TrkB in response to conventional antidepressants is
currently unclear.
Also, potential candidates for antidepressants increase TrkB activity (Ren et
al., 2016). Recently, a lot of excitement has risen from the discovery that
ketamine, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist,
triggers antidepressant effects rapidly, in only 2 hours, even in patients who have
been unresponsive to conventional antidepressants (Berman et al., 2000;
DiazGranados et al., 2010; Zarate et al., 2006). Ketamine rapidly increases the
levels of BDNF and phosphorylation of TrkB in the hippocampus, and mice with
conditional TrkB or inducible BDNF knock-out respond poorly to ketamine
regarding the antidepressant effect (Autry et al., 2011).
Neuronal plasticity in the cortex and hippocampus evoked by TrkB signalling
is offered as an explanation for the role of TrkB in antidepressant actions. This
plasticity stimulated by antidepressants can be seen as enhanced neurogenesis in
the dentate gyrus of hippocampus, promoted neurite growth and sprouting,
changes in transcription of neuronal plasticity genes, and also elevated
synaptogenesis and increased synaptic strength (reviewed in Castrén and Kojima,
2016; Rantamäki and Yalcin, 2016). Thus, antidepressants increase neuronal
plasticity, which then leads to the rewiring of neuronal networks so that the
physiological outcomes would fit better with the environment.
In accordance with these findings, a direct infusion of BDNF into
hippocampus or posterior midbrain nuclei in rodents induces antidepressant-like
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effect, mediated by TrkB (Shirayama et al., 2002; Siuciak et al., 1997). Also, it
was recently discovered that a TrkB knockdown in dorsal raphe nucleus (a
brainstem region that sends serotonergic input into the dentate gyrus of the
hippocampus) removes antidepressant effect (Adachi et al., 2016). In contrast,
opposite effects have been observed in the brain mesolimbic dopamine system,
also known as the reward pathway that is composed of ventral-tegmental area
(VTA) and nucleus accumbens (NAc). BDNF administration into VTA of rats
resulted in a depressive behaviour, while blocking BDNF signalling by TrkB-T1
overexpression in NAc, the brain area which receives dopaminergic input from
VTA induced antidepressant-like outcome (Eisch et al., 2003). Therefore, the
result of the BDNF-TrkB signalling cascade on depressive behaviour seems to be
dependent on a particular brain network.
As depression and anxiety are often co-occurring and antidepressants are
effectively used in the management of anxiety, it is possible that the underlying
molecular pathways are similar. Indeed, BDNF-TrkB signalling is also
implicated in anxiety (Castrén, 2014).

2.6. Schizophrenia
Schizophrenia is a neurological disorder that usually manifests in late
adolescence or early adulthood when psychosis, problems in cognition,
perception and emotional responsiveness lead to disconnection from reality and
disruptions in social behaviour (reviewed in Dimitrelis and Shankar, 2016).
As a clinical marker, peripheral BDNF levels are reduced in schizophrenia
(Green et al., 2011). Also in the brain, both BDNF and TrkB levels are altered in
this disease – for example, BDNF and TrkB-FL levels are reduced in the PFC,
while TrkB-T1 and TrkB-Shc levels are increased (Weickert et al., 2003, 2005;
Wong et al., 2013b). However, in some parts of the brain, rise in BDNF levels
has been noticed (Pandya et al., 2013). The exact mechanism of action of
schizophrenia is still unknown, and therefore also the role of BDNF-TrkB
signalling is hard to pinpoint. Still, modern antipsychotic drugs restore BDNF
levels, indicating a possibility that the shift in concentration of this important
neural function modulator might be partly responsible for the development and
sustenance of schizophrenia (Pandya et al., 2013).

2.7. Drug addiction
The stubbornly persistent effects of addiction that bring about careless
behaviour can be seen as the implementation of a type of memory, and drugs that
cause addiction do this by altering neuronal physiology in the brain (reviewed in
Hyman, 2005). As can be expected based on BDNF-TrkB signalling’s importance
in LTP, shifts in this molecular pathway are among the mechanisms behind the
changes in addiction pathology.
Levels of BDNF rise in the brain reward pathway after repeated cocaine
administration in a time-dependent fashion due to the epigenetic changes of bdnf
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promoters (Grimm et al., 2003; White et al., 2016) and lead to the activation of
TrkB-mediated signalling (Graham et al., 2007). BDNF administered into VTA
or NAc of rats enhances cocaine seeking after withdrawal, and BDNF produced
in NAc is required for escalated cocaine self-administration (Graham et al., 2007;
Lu et al., 2004). However, a different effect was observed if BDNF was
administered into PFC, the brain region responsible for making decisions and
assigning goals, which is therefore important in addiction-related behaviour
(Hyman, 2005). In the PFC, BDNF suppressed cocaine seeking after withdrawal
of the drug (Berglind et al., 2007). In agreement with this, the reduction of BDNF
levels in the PFC leads to an increased demand for cocaine in rats who have been
trained to self-administer the drug (Sadri-Vakili et al., 2010). Thus, the effect of
BDNF on cocaine administration-dependent neuronal and behavioural plasticity
vary depending on the brain region. Nevertheless, it seems that BDNF is
responsible for changes in synaptic plasticity and diminished associative learning
following cocaine administration in a mouse model (Zhong et al., 2015).
Therefore, treating cocaine addiction with TrkB inhibitors has been proposed
(Verheij et al., 2016).
Fascinating observations have come from epigenetic inheritance of cocaine
addiction: male offspring of male rats who had been self-administering cocaine
were less addicted to the drug when compared to control animals. This effect was
shown to be mediated by histone acetylation in bdnf promoter regions in the
neurons of PFC that decreased in response to TrkB inhibitor ANA-12 (Vassoler
et al., 2013).
NT-Trk signalling effects have been noticed in the development of other
addictions as well, e.g. alcohol and methamphetamine (Briones and Woods,
2013; Ren et al., 2015).

2.8. Chagas disease
Chagas disease is prevalent in Latin America and is caused by a protozoan
Trypanosoma cruzi. Not only does the parasite use TrkA as a cell membrane
receptor to enter neurons, epithelial or phagocytic cells, it additionally activates
TrkA and its signalling pathways to promote host cell survival (Chuenkova and
PereiraPerrin, 2004; de Melo-Jorge and PereiraPerrin, 2007). T. cruzi infects also
cardiac fibroblasts via TrkA and triggers the production of NGF, rendering
cardiac myocytes that express TrkA resistant to oxidative stress in a paracrine
fashion (Aridgides et al., 2013).

3. Potential medical implementations of Trk kinase modulators
To summarise the previous paragraph, two types of diseases can be in theory
targeted by Trk modulators. Trk agonists can be useful in cases where the cause
of the disease lies in the reduced level of NTs or where additional activation of
Trks can lead to alleviated symptoms, e.g. neural damage, neurodegeneration or
depression. On the other hand, Trk antagonists or inhibitors are helpful in
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conditions with excess Trk kinase activity. Examples can be seen in pain,
inflammation or cancer.
NTs or artificial Trk agonists have been tested as therapeutics for AD,
amyotrophic lateral sclerosis and neuropathies, although with poor results or
limiting and negative side-effects (reviewed in Longo and Massa, 2013). Also in
Rett syndrome, where extensive decrease in BDNF levels occurs, agonists of
TrkB would give advantage to combating the symptoms (Chang et al., 2006).
On the top spot of promising Trk-inhibitor applications is their use in pain
management. The prevalence of chronic pain is above 15 % and yet, many
patients do not get relief of existing drugs due to low efficacy or serious sideeffects, and have to suffer a great impairment to their quality of life (reviewed in
McKelvey et al., 2013). For example, morphine use in chronic pain states is
limited, because it causes both mechanical hypersensitivity (thus amplifying
pain) and tolerance to morphine itself, in part due to augmenting the increase of
BDNF expression following trauma in the spinal cord (Sahbaie et al., 2016).
Therefore, novel pain remedies are badly needed. As a proof of principle,
blocking NGF with antibodies or with TrkA extracellular portions has shown
remarkable alleviation of irritant-caused pain in animal models (Mcmahon et al.,
1995; Woolf et al., 1994).
The idea to use Trk inhibitors in cancer treatment is meaningful only in the
context of personalized medicine, because overactive Trk signalling is implicated
in only some types of tumours, and in some, Trk signalling may even give a
favourable outcome.
In the case of neurodegeneration, depending on the specific disease, NTtreatment or the use of Trk agonists might not have the desired results. This is
exemplified with HD, where processes downstream of TrkB activation are
severely disturbed, leaving little room for the effect of TrkB activity modulation
(Plotkin et al., 2014).
Drugs that adjust Trk activity need to pass a severe safety testing. Potential
concerns that may arise include induction of pain and/or epilepsy,
neurodegeneration, effects on mood and memory, improper reactions to injury,
and problems with wound healing. In the case of Trk inhibition, not only effects
of TrkA and TrkB have to be considered, but also pathways starting from TrkC,
as almost all current candidates of commercial Trk inhibitors are nonselective
among the Trk kinase family. While some of these potential side-effects can be
overcome by limiting the chemical’s bioavailability, e.g. restricting its access to
the CNS, there might be some that we can only acknowledge.

3.1. Trk agonists
Clinical trials conducted for the treatment of different neuropathies with NTs
were a big disappointment: biological responses failed to meet expectations, in
part because NTs have a poor blood-brain-barrier penetration ability and
extremely low half-life in serum (Poduslo and Curran, 1996; The BDNF Study
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Group, 1999). In the case of NGF, a marked increase in pain perception was a
major negative side-effect (Gerber et al., 2011; Rukwied et al., 2010).
Trk-activating antibodies have been a line of investigation and good results
have been obtained in this field (Todd et al., 2014). Also, small synthetic peptides
have been developed for Trk activation based on similarity to NT 3D structures
(reviewed in Longo and Massa, 2013). Nevertheless, small peptides are not as
active as NTs and Trk agonist antibodies, and all peptides have drawbacks in drug
development, including bioavailability and stability.
A tempting approach for many laboratories both in big pharma and
universities was for many years to generate low molecular weight chemicals that
would activate Trk receptors. These compounds would be easier and cheaper to
produce than activating antibodies. Indeed, there have been many papers
reporting such compounds, e.g. 7,8-dihydroxyflavone, N-acetylserotonin and
amitriptyline (Jang et al., 2009, 2010; Massa et al., 2010; Sompol et al., 2011;
and thoroughly reviewed in Longo and Massa, 2013).
Sadly, experiments trying to reproduce the Trk-agonistic properties of these
small molecules have failed (Todd et al., 2014, and my unpublished data). Even
though 7,8-dihydroxyflavone has been shown in a vast number of in vivo studies
as TrkB activator, most probably the phosphorylation of TrkB kinase induced by
7,8-dihydroxyflavone treatment in animal models is a secondary effect, which
may be driven from 7,8-dihydroxyflavone’s antioxidant activity (reviewed in
Longo and Massa, 2013). At the moment it seems that maybe it is not possible to
create allosteric changes for Trk kinase activation with low-molecular weight
compounds, and that a true Trk agonist has to be bivalent and big enough to bind
two receptor molecules to generate Trk trans-activation via proximity. Therefore,
activating antibodies might be the best choice. A potential possibility is also to
activate Trks via an indirect route – e.g. increasing the level of NT expression or
modulating the activity of some other protein that would consequently activate
Trk receptor without NTs.
Currently the safest method, however, to increase BDNF levels is physical
exercise. Exercise gives thus many favourable outcomes of TrkB activation, for
example, it offers antidepressant effects, improves memory, counters learning
impairment induced by brain inflammation, and increases synaptic plasticity and
recovery after spinal cord injury – all of that without the induction of negative
side effects, such as pain or hyperreflexia (Bechara et al., 2014; Heyman et al.,
2012; Kim et al., 2013; Ying et al., 2005; and reviewed in Weishaupt et al., 2012).

3.2. Trk inhibitors
Many anti-NGF monoclonal antibodies that neutralize NGF have been in
clinical trials. As an example, one of them, Tanezumab by Pfizer, has shown
alleviation of pain in all trials (Brown et al., 2012; Evans et al., 2011; Katz et al.,
2011; Schnitzer et al., 2011). Adverse effects were also recorded in low
incidence: ‘abnormal sensation’, e.g. paresthesia, was the most common type.
However, some patients in a phase III clinical trial for the management of
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osteoarthritis-related pain developed progressively worse osteoarthritis following
Tanezumab administration (Brown et al., 2012). For this reason, these clinical
trials were temporarily halted. There is also an anti-TrkA antibody currently in
clinical trials for the treatment of pain (Khan and Smith, 2015).
Additionally, there are peptide mimetics of NT surface motifs that bind Trk
receptors without induction of kinase activation, and thus disrupt the interaction
between NT and Trk receptor. An example of these is cyclotraxin-b that is an
antagonist of BDNF that inhibits TrkB in very low nanomolar concentrations
(Cazorla et al., 2010).
Small molecules of NT antagonists have also been generated. Examples are
depicted on Figure 3 and are named ALE-0540 and ANA-12 (Cazorla et al., 2011;
Owolabi et al., 1999). These NT antagonists are highly specific and therefore,
especially ANA-12 has been used widely as a proof of principle tool to study the
effects of TrkB inhibition under different conditions. For example, ANA-12
treatment has shown moderate effects in preventing morphine-induced
hyperalgesia and analgesic tolerance (Sahbaie et al., 2016). However, as the
extracellular domains of Trks and NTs themselves are not very well druggable,
i.e. the protein surface is relatively “flat”, a high dose reaching micromolar
concentrations of such molecules is needed to achieve the inhibitory effect
(Buchwald, 2010). Negative side-effects are a big concern at these concentrations
when considering medical applications.

Figure 3. Chemical structures of small molecules that antagonize the NT-Trk
interaction. (A) NGF antagonist ALE-0540 and (B) BDNF antagonist ANA-12.

An alternative effective strategy is to inhibit the Trk enzyme directly by
blocking the binding of ATP via targeting deep “clefts” or “pockets” within the
kinase domain that lie at or near the ATP-binding site. The druggability of these
sites is extremely good from both steric and kinase-modulatory aspects.
Therefore it is relatively easy to find and design compounds that bind into this
region and inhibit Trk enzymatic activity, but developing inhibitors that are
selective for a given kinase is more difficult, because this region is conserved
among kinases. This is important, as a wider field of protein targets leads
potentially to more numerous and severe side-effects.
In laboratory practice, a natural alkaloid K252a (Figure 4A) was used widely
for some time with many scientific studies using this as a Trk-specific inhibitor.
However, this assumption was false, as K252a has an extremely broad selection
of target kinases (Gao et al., 2013; Martin et al., 2011). Based on similarity to
K252a and a related natural compound, staurosporine, Cephalon designed
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chemicals CEP-751 and CEP-701, a.k.a. lestaurtinib (Figure 4B). Lestaurtinib has
shown promising results in preclinical studies and for this reason it has been
tested in clinical trials as anticancer agent, but similarly to K252a, it is a
multikinase inhibitor targeting e.g. Janus kinase 2 (Jak2) and Fms related tyrosine
kinase 3 (Flt-3) in addition to Trks (Minturn et al., 2011; Wang et al., 2009).
Possibly, the wide target field of lestaurtinib is responsible for the disappointing
results of these trials, although a mechanism of drug tolerance in tumour cells has
also been proposed, that relies on the signal induction from CD44 glycoprotein
by NGF-bound Trk in the absence of Trk kinase activity, contributing to tumour
aggressiveness (Aubert et al., 2015; Hexner et al., 2014).

Figure 4. Representations of K252a and lestaurtinib chemical structures. (A)
K252a and (B) lestaurtinib (CEP-701).

Creabilis has tested a Trk inhibitor CT327 topical applications in clinical trials
to treat chronic pruritus in psoriasis and atopic dermatitis (McCarthy and Walker,
2014). The results have not completely met expectations (Roblin et al., 2015).
Although the chemical structure of CT327 has not been reported, based on patents
filed it can be assumed that CT327 is a derivative of K252a (Traversa et al.,
2014). The selectivity of CT327 is also not reported, but it is likely that this
compound is, similarly to K252a, capable of inhibiting a rather wide array of
tyrosine kinases. Overall though, Trk kinase inhibitor design has developed in the
direction of increasing selectivity and the following discussion describes mainly
compounds for which good selectivity data is available.
In recent years, a new player named entrectinib (Figure 5A) has entered
clinical trials as anticancer compound of Ignyta because it has shown low
nanomolar inhibitory activity against Trks, Ros proto-oncogene 1 (Ros1) and
anaplastic lymphoma kinase (Alk) in preclinical studies (Rolfo et al., 2015). The
drug has given promising results and is relatively well tolerated. The main
adverse effects were temporary cognitive impairment and fatigue (Passiglia et al.,
2016). Entrectinib is currently in phase II trials. Entrectinib enters the CNS and
was therefore able to reduce metastases from the brain of a patient (Rolfo et al.,
2015). Resistance to entrectinib has emerged in clinical trials of a patient whose
colorectal tumour cells acquired two point mutations in TrkA gene (Russo et al.,
2016).
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Figure 5. 2D chemical structures of a selection of relatively Trk-selective potent
tyrosine kinase inhibitors. (A) entrectinib from Ignyta, (B) a Merck’s triazole
compound, (C) GNF-5835 from Novartis, (D) Pfizer’s compound 9, (E) Bristol-Myers
Squibb’s compound 20h, (F) PHA-848125AC by Nerviano Medical Sciences, (G) AZ23 from AstraZeneca, (H) Array Biopharma’s ARRY-470, and (I) ADDN-1351 from
Buck Institute for Research on Aging.

Other companies have also been developing Trk inhibitors for potential antipain or anti-cancer treatment. For example, a triazole compound from Merck
(Figure 5B) inhibits TrkA in low nanomolar concentration and is Trk-selective
(Stachel et al., 2014); an oxindole GNF-5835 derivative (Figure 5C) and
imidazopyridazines by Novartis were validated in xenograft models as Trkselective inhibitors (Albaugh et al., 2012; Choi et al., 2015). Pfizer has filed many
patents claiming that e.g. pyrrolopyrimidine derivatives are potent TrkA
inhibitors. One of these compounds also reached clinical trials, where side-effects
from CNS penetration were obvious, commencing lead optimization to increase
active efflux from the brain and leading to the creation of Compound 9 that is
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depicted on Figure 5D (McCarthy and Walker, 2014). Bristol-Myers Squibb has
conducted the development of Trk inhibitors for quite a while with good results,
e.g. an aminothiazole-based compound 20h (Figure 5E) blocks TrkA in 1 nM
concentration (Kim et al., 2008; McCarthy and Walker, 2014; Wang et al., 2009).
Nerviano Medical Sciences has patented a compound named PHA-848125AC
(Figure 5F), that has been tested in phase I clinical trials for treating patients who
have advanced solid malignancies (Weiss et al., 2012). AstraZeneca has
developed mainly pyrazolylpyrimidines as Trk inhibitors (Wang et al., 2009).
One of these, a compound named AZ-23 (Figure 5G), is a potent and selective
Trk inhibitor that has been tested preclinically in a Trk-expressing xenograft
tumour model (Thress et al., 2009). However, a phase I clinical trial with AZ-23
was halted due to poor pharmacodynamics (Thiele et al., 2009). Recently, a novel
aminopyrazole from AstraZeneca named AZD6918 was tested in neuroblastoma
xenograft models (Li et al., 2015).
Array Biopharma has been developing Trk inhibitors with good results: e.g. a
compound named ARRY-470 (Figure 5H) has effectively attenuated bone cancer
pain and reduced abnormal nerve sprouting in a mouse model because it inhibits
selectively Trk kinases in low nanomolar concentration (Ghilardi et al., 2010).
The hydrogen sulfate salt of ARRY-470 is named LOXO-101 and it produced a
rapid tumor regression in a patient of a phase I clinical trial who had a LMNATrkA gene fusion (Doebele et al., 2015). LOXO-101 is relatively well tolerated,
with the most common side-effects being fatigue, anemia, nausea and dizziness
(Passiglia et al., 2016). Interestingly, Array seems to be the only company or
institution currently developing allosteric TrkA kinase inhibitors, which bind to
a site on the kinase domain further from the ATP pocket, being thus highly
selective even among the Trk family of kinases. Of these compounds, AR786 is
highly TrkA-selective and has shown promising results in preclinical models of
arthritic pain and inflammation by alleviating the symptoms after oral dosing
(Ashraf et al., 2016; Nwosu et al., 2016). Array is not very keen on reporting
publicly the specific structures of their Trk inhibitors or binding sites on the
protein, but from the patents it has filed, it can be concluded that the allosteric
Trk inhibitors belong to a class of pyrrolidinyl(thio)ureas that is represented in
Figure 6 (McCarthy and Walker, 2014).

Figure 6. Markush structure of patented chemicals by Array Biopharma. This
group represents the most probable candidate for allosteric TrkA inhibitors.
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Quite surprisingly, Buck Institute for Research on Aging claims that some of
the compounds they are developing are effective against AD because these are
inhibitors of TrkA (Zhang et al., 2014). This is not in agreement with most of the
research on AD, according to which active TrkA is protective against AD (see
above, paragraph 2.2 Neurodegeneration). These compounds belong to the group
of thiadiazoles and a representative, ADDN-1351 (Figure 5I) inhibits TrkA in
very high nanomolar concentrations (McCarthy and Walker, 2014).
There are many more compounds that have been reported of being Trk
inhibitors, but there is not much information available on these compounds. With
some, selectivity data or even chemical structure has not been presented.
In conclusion, recent years have seen a fast increase in the development of Trk
inhibitors with many clinical studies under way. The potential benefit of these
drugs is huge, although many potential adverse effects have to be taken under
strict consideration.
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AIMS OF THE STUDY
The main focus of this thesis is on TrkA and TrkB genes and the proteins
encoded by them: TrkA and TrkB. Specifically, the aims were set as follows:
1) to characterize different TrkA and TrkB transcripts and their expression
patterns in human tissue samples,
2) to characterize putative Trk protein isoforms, which are predicted based
on transcriptome analysis,
3) to identify novel Trk kinase inhibitors.
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MATERIALS AND METHODS
Computer analysis and RT-PCR – publications I and II
Quantitative PCR – publication I
Western blotting – publications I, II and III
Ribonuclease protection assay (RPA) – publication I
Cloning of DNA plasmids – publications I and II
Immunofluorescence and confocal microscopy – publications I and II
Immunoprecipitation – publication I
5’ rapid amplification of cDNA ends (5′-RACE) – publication II
Live imaging microscopy – publication II
Determination of IC50 of compounds in cellular context – publication III
Cell viability assessment – publication III
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RESULTS AND DISCUSSION
4. An update to TrkA and TrkB gene structures (publications I and
II)
By 2007, when we first started this project, the gene structures, main exons
and a few alternative transcripts of both TrkA and TrkB were already known for
some time (Barker et al., 1993; Stoilov et al., 2002; Tacconelli et al., 2004).
However, a preliminary examination of the information available in public
databases indicated that this picture was not complete, because many ESTs
containing thus far undescribed exon sequences or splicing patterns had been
annotated. For this reason, the first part of my study and therefore, also of this
thesis, is dedicated to the characterization of TrkA and TrkB transcripts, their
expression patterns in different human tissues, and thus, a better understanding
of these genes and their regulation can also be obtained.
Analysis of ESTs that map into TrkA and also our results of 5’-RACE analysis
of this gene revealed that TrkA is intricately more complex than previously
thought (publication II). Firstly, the gene has at least 7 alternative and mutually
exclusive 5’ exons and, in addition to the conventional transcription initiation
exon, exon 1, these can be considered in three groups:
1) exon A that lies approximately 45 kb upstream of exon 1;
2) exons E and G that are located close to exon 1 (in a range of a few kb upor downstream of exon 1);
3) exons 8b, 8c, 10a, and 11a in a 1 kb region that maps between the 5’ ends
of exon 8 and 11.
Therefore, secondly, due to the existence of numerous exons upstream of exon
1, TrkA gene length is almost three times larger than was previously considered
(67 kb instead of 23 kb), it contains multiple promoters and engulfs another gene,
insulin receptor related receptor (INSRR), which is transcribed in the opposite
direction from TrkA. Of note, INSRR encodes another receptor tyrosine kinase,
which was for a long time considered an orphan receptor with unknown function.
Recently it was discovered that it senses pH and helps to regulate acid-base
balance (Petrenko et al., 2013). TrkA also partially overlaps one more gene,
namely SH2 domain containing 2A (SH2D2A), which is in a head-to-head
orientation with TrkA: exon A of TrkA lies within the second intron of SH2D2A
gene. Although the relative physical localization of these three genes on the
chromosome is the same in human as compared to mouse and rat, we did not find
any evidence of TrkA exon A in either of these rodents despite our efforts.
We also discovered that the splicing pattern of TrkA exons 2-9 is highly
elaborate, generating a vast array of different transcripts. We did not observe any
alternative splicing among exons 11-17 or any use of different polyadenylation
signals, although the potential existence of alternative 3’ exons of TrkA cannot be
ruled out, because we did not specifically look for these.
For TrkB we performed bioinformatic analysis of ESTs that map into the gene.
We didn’t perform 5’-RACE for TrkB, because Stoilov and co-workers had
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already made a similar analysis (Stoilov et al., 2002). We discovered that the
splicing pattern among TrkB 5’-UTR exons is more intricate than previously
thought (publication I). Furthermore, a novel 5’ exon, exon 5c, was identified in
the databases. It lies 1 kb downstream of exon 5. TrkB exons 12 and 22 turned
out to be cassette exons, because in rare occasions these can be spliced out. Even
though transcripts where exon 13 is spliced out have been described (Hackett et
al., 1998), we did not observe such mRNAs. Lastly, exon 22 can be extended in
the 3’ direction and serve as an alternative 3’ exon.
Thus, the structures of TrkA and TrkB genes and their splicing patterns are
highly different, although they encode very similar kinases. First, TrkB gene is
more than 5 times larger than TrkA (350 kb versus 67 kb, respectively). Second,
the variability of 5’ UTR regions arises mainly from the use of alternative splicing
in the case of TrkB, while for TrkA alternative 5’ exon usage from many distant
regions on the chromosome also plays an important role. Third, the production of
isoform diversity is achieved mainly by the use of multiple alternative 3’ exons
in the case of TrkB, while TrkA appears to have only one single 3’ exon. Fourth,
the elaborate alternative splicing pattern of human TrkA exons encoding the
receptor’s extracellular domain is not paralleled in TrkB mRNAs. Therefore,
TrkB isoforms differ from each other mainly C-terminally, while TrkA isoforms
have alternative extracellular domains and potentially also different N-termini.

5. Expression pattern of TrkA and TrkB mRNAs in human tissue
samples (publications I and II)
We noticed very specific expression patterns for many of the novel exons of
TrkA among different human tissue samples (publication II). However, the
physiological relevance behind these differences is hard to predict, as many of
these alternative forms encode multiple upstream open reading frames (uORFs)
in addition to the main ORF and it is difficult to pinpoint which of these, if any,
are translated into functional proteins. The same problem arises in interpreting
the results which indicate multiple forms of alternative splicing among exons 28, which often interrupts the ORF.
We confirmed the predominantly neural-tissue specific expression of human
TrkA transcripts with exon 9, while other tissues had TrkA mRNAs where this
exon is spliced out, as has already been shown before (Barker et al., 1993). It has
been postulated previously that TrkAI which is translated from mRNAs without
exon 9, is as effective in binding NGF as is TrkAII (the full-length receptor),
however, TrkAI is less sensitive to NT3 (Clary and Reichardt, 1994). It can be
hypothesized that in peripheral tissues, NT3 binding is less important for TrkA
functions than in the brain. Interestingly, even though the same expression pattern
of TrkAI- and TrkAII-encoding mRNAs was detected in rat, we observed a
different pattern in mouse, where all tested samples from both peripheral tissues
and the CNS had TrkA transcripts that predominantly contained exon 9.
As can be expected from their chromosomal location relative to each other,
TrkA and INSRR expression is highly synchronized in rat (Reinhardt et al., 1994).
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These two genes do not overlap in rat (publication II), but their transcriptional
start-sites are in close proximity and therefore, these genes might share a common
bidirectional promoter. In human, there is additionally a partial overlap of TrkA
exon D and the coding region of INSRR gene, therefore some mutual expression
inhibition via RNA interference can occur. Nevertheless, it seems that these two
genes share a common expression pattern in human as well: for example, both
are expressed at relatively high levels in kidney and thymus, while in many other
regions of the body their expression level is very low (publication II and Mathi et
al., 1995). These findings are confirmed by modern RNA sequencing studies, for
example the Human Protein Atlas (HPA) transcriptome data (Fagerberg et al.,
2014). It is an interesting and unanswered question whether the simultaneous
expression of TrkA and INSRR kinases that have such different functions is
always needed or if at least in some tissues and under some conditions this
happens as superfluous expression. HPA RNA sequencing data indicates that the
expression pattern of SH2D2A gene, which overlaps only with a minor number
of TrkA transcripts and is further away from the rest of TrkA exons, is more
different from both TrkA and INSRR.
For TrkB transcripts, we confirmed previous findings that transcripts encoding
TrkB-FL and TrkB-T-Shc (with exons 24 and 19, respectively) are mainly
expressed in the nervous system and TrkB-T1-encoding mRNAs (with exon 16)
have a ubiquitous expression pattern (publication I and Stoilov et al., 2002). The
novel 5’ exon 5c and 3’ exon variant 22b were also mainly detected in neural
samples, with the highest expression seen for both in the cerebellum. However,
based on RPA, TrkB transcripts with exons 5c and 22b are expressed in minute
amounts. The same is true for transcripts where exons 12 or 22 are spliced out. In
contrast, the cassette exon 17 is included in TrkB transcripts with a 50 %
probability, a result that is in agreement with previous findings (Stoilov et al.,
2002).
It has been known before that there is a very complex splicing pattern among
TrkB 5’ exons that form an IRES (Dobson et al., 2005; Stoilov et al., 2002). It has
also been shown that the translation of dendritically localized mRNAs is, in
addition to cap-dependent initiation, induced via IRES (Pinkstaff et al., 2001).
The advantages of having an IRES are not completely understood, but it might
increase translation efficiency specifically in neurites as compared to soma
(Pinkstaff et al., 2001). For TrkB mRNAs, Dobson and co-workers demonstrated
that some regions of the 5’ UTR can augment while others promote the
translational capacity of TrkB mRNAs (Dobson et al., 2005). Considering all this,
we hypothesised that alternative splicing in this region could account for the
distinct regulation of TrkB expression in different tissues. However, the
expression pattern among TrkB exons 1-5 was essentially the same in all tissue
samples studied (publication II), indicating that this mechanism is probably not
used to regulate the level of TrkB proteins in different tissues. Thus, it remains a
mystery why the alternative splicing among TrkB 5’ UTR exons is this complex.
It is one possibility that the IRES is required for TrkB expression independent of
cellular conditions, including stress, inflammation and hypoxia, and perhaps the
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cell generates TrkB mRNAs with so many different 5’ UTRs to guarantee that at
least some of these are effective independent of external stimuli and
environmental conditions.
It is not known if TrkB mRNAs that start with exon 5c fold into an IRES. If
not, it would mean that these transcripts can be translated under different
conditions as compared to mRNAs with conventional translation start-site in exon
5.
No IRES elements have been described for TrkA, even though TrkA kinase
requires expression in neurites similarly to TrkB kinase. The 5’ UTR of TrkA
exon 1 is much shorter than the 5’ UTR of TrkB: the difference is approximately
10 fold (up to 120 nt in the case of TrkA and up to 1100 nt for TrkB; publications
I and II). This suggests that most of the transcripts of TrkA starting with exon 1
don’t have 5’ UTR that would be long enough to accommodate an IRES.

6. Developmental regulation of the levels of TrkB transcripts and
TrkB proteins in human PFC (publication I)
The importance of PFC in regulating many aspects of human social behaviour,
higher-order cognition and short-term memory is well known. Human PFC
matures unusually late – only after early twenties (Johnson et al., 2009). TrkB is
expressed in high levels in human cortex (Fagerberg et al., 2014), and TrkB
kinase activity is important for the maturation, maintenance and function of
cortical neurons (see paragraph 1.1 Physiological role). Decreased levels of
TrkB-FL and transcripts encoding this kinase have been detected in the PFC of
both suicide victims and schizophrenia patients (Dwivedi et al., 2003; Hashimoto
et al., 2005). TrkB functioning in the PFC also plays a role in drug addiction (see
paragraph 2.7. Drug addiction). For this reason, it was of interest to determine the
temporal expression pattern of different TrkB transcripts and TrkB isoforms to
find out if there are any age-related differences in the levels of these mRNAs
and/or proteins.
We used 50 post-mortem samples from individuals of various age groups to
detect TrkB mRNA and TrkB protein isoform levels. Our results indicated that
the expression of TrkB-FL kinase-encoding TrkB mRNAs (containing exon 24)
drops significantly in adults, as compared to toddler samples, where the
expression level of these transcripts is the highest. The levels of transcripts with
exon 16 that encode the TrkB-T1 protein isoform, however, are the lowest in
toddler and school age children, and rise back to neonate levels in adulthood. One
previous work has used in situ hybridization to describe the expression of these
same mRNA isoforms in human PFC throughout the lifespan (Romanczyk et al.,
2002). No statistically significant changes were detected in the expression levels
of transcripts with exon 16 as the 3’-terminus, but mRNAs with exon 24 in
cortical layer III were described to be considerably more abundant in young adult
age group as compared to infants. The expression of these TrkB-FL-encoding
transcripts plummeted in aged subjects’ samples to approximately half of the
level seen in young adults (Romanczyk et al., 2002).
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Clearly, there are discrepancies between our results and the results obtained
by Romanczyk et al. However, a common characteristic is a statistically
significant reduction of the mRNAs that encode full-length TrkB kinase in older
as compared to younger people. The same mRNAs have also been observed to be
decrease in the cortex of schizophrenia patients (Hashimoto et al., 2005; Weickert
et al., 2005). As another similarity in PFC between aging and schizophrenia
symptoms, the levels of TrkB transcripts with exons 16 (encoding TrkB-T1)
increase significantly (publication I and Wong et al., 2013b). The latter study also
found that the same effect can be seen at protein level: there is a reduction of
TrkB-FL and an increase in TrkB-T1 quantity in schizophrenia patients as
compared to healthy controls. Interestingly, it has been demonstrated, using
magnetic resonance imaging (MRI), that the brains of schizophrenia patients age
more rapidly than those of control individuals (Schnack et al., 2016). The authors
found that among other changes, big reductions of grey matter density in the
frontal lobe appear in schizophrenia. Thus, the reduction of TrkB-FL-encoding
mRNA levels seen in schizophrenia patients is probably linked to the general
aging of the brain in this disease.
Cognitive decline often accompanies aging and this is thought to be caused in
part by decreased neuroplasticity. In fact, many genes, which products are
involved in neurotrophic actions and synaptic integrity (including BDNF and
NGF), are expressed at reduced levels in the PFC of aged humans (Primiani et
al., 2014). TrkB-FL also fits into this category. In spite of that, it is not clear what
the causative relationship of brain aging and reductions in the levels of NTs and
TrkB-FL (or its transcripts) is. Still, if the PFC contains less TrkB kinase and
more truncated forms of TrkB, signal transduction from TrkB-FL is hindered,
because TrkB-T1 acts dominant negatively by forming a heterocomplex with the
TrkB receptor kinase. TrkB-T1 dimers on the surface of either neurons or
accompanying cells can also sequester BDNF, further reducing the possibility of
kinase activation. Moreover, a decline of BDNF’s and its mRNA levels has been
repeatedly detected in human PFC in association with both aging and
schizophrenia (Hashimoto et al., 2005; Primiani et al., 2014; Weickert et al.,
2003; Wong et al., 2009). The lower levels of activating ligand must additionally
augment TrkB-FL signalling deficiencies in both of these cohorts.
Our results of TrkB protein levels did not coincide with the experiments using
mRNAs, even though an increase in TrkB-T1 protein’s expression level with age
was clearly evident. Specifically, we detected a significant rise of TrkB-FL levels
in infants as compared to neonates, but there was no drop of TrkB-FL levels in
adults. It is possible that this discrepancy (the lack of observed reduction of TrkBFL expression level in the PFC of older subjects) was due to the small size of our
cohort used for TrkB protein analysis, but alternatively, it is possible that TrkB
kinase expression is regulated post-transcriptionally so that its levels do not
coincide with mRNA levels. Therefore, it would be of interest to compare our
results with some other study. Sadly, I have found no reliable reports that use
good quality antibodies to detect TrkB kinase levels in human PFC dependent on
age. It is possible instead to draw a parallel from our close relative: TrkB-FL is
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expressed in the PFC of the macaque monkey at the highest levels in young
animals (postnatal day number 60, P60) and displays a slight reduction in adults,
while TrkB-T1 levels increase sharply in P60 from very low levels of newborns
and rise even further in adults (Ohira et al., 1999). Therefore, at least in macaque
monkey, the shift from higher levels of TrkB-FL to lower in adults can be seen.
Further studies are needed to confirm or invalidate the result that in human PFC
the level of TrkB-FL does not decrease in high age.
Our analysis of the differences in the expression levels of TrkB protein
isoforms in different age groups of subjects was hindered by the lack of efficient
and selective antibodies that would recognize all TrkB isoforms at low
endogenous level. The antibody that we used did not recognize TrkB proteins
with a putative alternative N terminus (named as TrkB-N and encoded by mRNAs
starting with exon 5c). We registered a weak signal from presumably TrkB-TShc, which did not have age-dependent significant fluctuations.
Among other TrkB mRNAs that we tested, the transcripts with cassette exon
17 showed significantly higher levels in school age children as compared to
neonates. Thus, the expression seems to have an opposite trend to mRNAs with
TrkB exon 16. Indeed, we detected a statistically significant negative correlation
of the expression levels between these two types of transcripts in our samples.
We did not detect any statistically significant differences in the age-related
fluctuation of the expression levels of transcripts with exon 5 (where the
conventional start-codon lies), exon 5c (encoding TrkB proteins with unique Ntermini), exon 19 (encoding TrkB-T-Shc) or exon 22b (encoding TrkB-T-TK),
and transcripts lacking exon 17. It is possible that our sample size was too small
to detect more subtle changes, because the individual differences between
subjects were considerable.

7. Properties of N- or C-terminally truncated Trk proteins
(publications I and II)
One of the results of our studies with TrkA and TrkB transcripts was a hint that
there might be many more alternative protein isoforms of both TrkA and TrkB
than was known. Even though we failed to demonstrate the existence of these
protein isoforms at endogenous level due to technical difficulties, we decided to
study the properties of a selection of these proteins, because under certain
conditions these isoforms might play an important role, as demonstrated for
TrkAIII (Farina et al., 2009). This is of importance, because while TrkB-T1 and
TrkAIII have been a focus of research for some time, other TrkB and TrkA
alternative isoforms, including TrkB-T-Shc have been overlooked.
We noticed that when overexpressed in cells, none of the TrkA and TrkB
isoforms with novel N-termini is localized in the plasma membrane, even though
a membrane signal sequence was predicted for one TrkA isoform, named as
TrkAγII (publication II). This isoform is not glycosylated even though it contains
the same regions that are glycosylated in TrkAII. Therefore, this predicted signal
sequence is not functional, omitting TrkAγII from the endoplasmic reticulum and
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Golgi network, where it could be glycosylated and later transported to the plasma
membrane. Surprisingly, we discovered that an isoform named TrkAζII acts
similarly to TrkAIII, in the aspect that it is glycosylated, but is not transported to
the plasma membrane. Both TrkAζII and TrkAIII lack the first Ig-like domain.
This underlines the importance of Trk domains in the extracellular part that are
not specifically required for NT binding, but guarantee proper glycosylation and
protein transport and insertion into the plasma membrane.
Our preliminary examination did not reveal any differences between TrkB
receptors with or without the amino acid sequences encoded by exon 17
(publication I). However, there might still be some crucial differences in, for
example, the induction of alternative signal cascades, the kinetics of kinase
activation, or the endocytosis of the receptor following activation. Further studies
are needed to determine these aspects.
Quite surprisingly, we discovered that the shortest TrkA isoform tested,
TrkAκ, localizes to both the cell soma and the nucleus (publication II). TrkAκ
consists of only the intracellular part of the conventional TrkAII receptor, which
is mainly the kinase domain. Because there have been reports according to which
TrkB-FL can be proteolytically cleaved by calpain to produce a fragment that is
similar to TrkAκ (Jerónimo-Santos et al., 2014), we also tested if this TrkB
protein fragment could enter the nucleus, and the results of immunocytochemistry
indicated that it can (data not shown). The physiological role and functions of Trk
kinases in the cell nucleus are at the moment unknown.
We also discovered that the TrkB-T-TK isoform, which has a truncated kinase
domain, can be phosphorylated by TrkB-FL, even though it itself lacks the kinase
activity (publication I). This is in contrast to TrkB-T-Shc, which is not
phosphorylated by TrkB-FL (Stoilov et al., 2002).
The levels of auto-activated overexpressed TrkA isoforms were very variable:
being the lowest for TrkAII (the full-length receptor) and TrkAκ, but significantly
higher for TrkA proteins that contain some domains of the extracellular region,
but have a cytosolic localization (publication II). This indicates that there might
be other isoforms of TrkA besides TrkAIII that can become aberrantly active in
cancer.

8. Identification and analysis of novel potent and selective Trk
inhibitors (publication III)
Overexpression and/or activation of Trk kinases has been associated with
many diseases, such as some types of cancer and neuropathic pain (see paragraph
2. Role of Trk receptors in disease). Even though many Trk inhibitors have been
developed, none have reached patient bedside (see paragraph 3.2. Trk inhibitors).
Therefore, it was our goal to design novel Trk inhibitors that could be further
developed as painkillers or anti-cancer agents.
Using computer calculations and predictions based on known Trk inhibitors,
we identified novel inhibitors of Trk kinases from the group of 2-oxindoles. Of
these,
(Z)-3-((5-methoxy-1-methyl-1H-indol-3-yl)methylene)-N-methyl-248

oxindole-5-sulfonamide (compound 4a22) had the lowest IC50 against TrkA in
both biochemical and cellular assays, 3.7 nM and 10.0 nM, respectively.
Unsurprisingly, these compounds have similar profiles inhibiting all members of
the Trk family, because they dock inside the kinase pocket, which is identical
among this group of kinases. Representatives of these compounds also effectively
inhibit the activation of downstream signalling cascades by Trks, as shown by
MAPK (Erk) and PKB (Akt) phosphorylation levels.
These novel Trk inhibitors have a good selectivity: from a panel of 48 kinases,
which represent a wide range of human kinases, a 50 % or greater inhibition by
100 nM 4a22 can be seen for only one kinase besides Trks. At 1 μM concentration
of 4a22, the number of off-target kinases rose to 4.
Therefore, these compounds can be considered as potential therapeutics for
the treatment of pain or some cancer states, where Trk over-activation is the
driving force behind malignancy. Nevertheless, preclinical studies involving
pharmacokinetics, pharmacodynamics and disease model studies are needed
before considering these compounds as candidates for clinical trials.
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CONCLUSIONS















Human TrkA gene is much larger than previously thought and it overlaps with
two genes.
Mouse and rat orthologues are shorter and have less complicated splicing
patterns compared to human TrkA.
Transcript diversity of TrkA is generated via usage of alternative promoters
and an intricate splicing pattern among exons encoding the extracellular
domain of TrkA.
For TrkB, physiologically the most important variability among mRNAs is
produced using alternative 3’ exons, although alternative splicing of a few
exons and the usage of one novel 5’ exon also plays a part.
There is a good agreement between data published before our study and our
results about the expression pattern in different human tissue samples of the
major transcripts of both TrkA and TrkB, namely mRNAs encoding proteins
TrkAI, TrkAII, TrkB-FL, TrkB-T1 and TrkB-T-Shc.
TrkB transcripts with novel 5’ and 3’ exons (5c and 22b) are mainly expressed
in neural tissues and potentially encode novel protein isoforms with a
truncated N-terminus and alternative C-terminus, respectively.
TrkB-FL-encoding transcripts are expressed at lower levels in aged human
PFC, as compared to younger age groups – a finding that correlates with a
previous study.
mRNAs encoding TrkB-T1 have the lowest levels in the PFC of toddler and
school age children.
TrkB-FL and TrkB-T1 protein levels in the PFC did not correlate with the
expression level of mRNAs that encode these proteins: TrkB-T1 levels
display a continuous rise from neonates to teenagers, and TrkB-FL levels rise
in infants as compared to neonates, but do not decrease in older people.
A preliminary characterization of putative novel Trk protein isoforms
revealed that:
1) there were no functional differences detected between TrkB isoforms
with or without amino acids encoded by exon 17,
2) TrkB-T-TK isoform, which lacks a part of the kinase domain, can be
phosphorylated by TrkB-FL,
3) all the tested TrkA and TrkB isoforms with alternative N-termini, as
compared to the N-terminus of the conventional protein isoforms, are
omitted from the plasma membrane, but often have very high level of
auto-phosphorylation,
4) Trk isoforms or proteolysis products that consist of only the
intracellular part of the full-length receptor are able to localize in the
cell nucleus.
We identified novel highly selective Trk inhibitors among 2-oxindoles, with
low nanomolar inhibitory activity against Trk family of kinases.
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ABSTRACT
The complex structure and physiology of the nervous system develops using
intricate mechanisms where cell survival and migration, neurite growth or
pruning, and adjusting the synaptic strength are precisely regulated. For many
neural cell types, tropomyosin-related kinases (Trks) are involved in the
modulation of all these regulatory levels, because these proteins are the
transmembrane receptors of neurotrophins (NTs). The intracellular signal
cascades starting from Trks are plentiful and lead to various outcomes that range
from fast local effects to long-lasting changes resulting from influencing the
transcription level of many genes. The outcome of NT signal is determined by
the isoform of the Trk receptor it activates. Previously, many isoforms of Trks
have been known. Some of those, such as TrkAIII, TrkB-T1 and TrkB-T-Shc,
have very different signalling capabilities compared to the full-length receptors.
Also, a distinct expression pattern has been described for different Trk protein
isoforms and mRNAs encoding them.
This thesis focuses on TrkA, a receptor of nerve growth factor (NGF), and
TrkB, a receptor for both brain-derived neurotrophic factor (BDNF) and NT-4. A
characterization of the variability of TrkA and TrkB transcripts is given. This leads
to a more precise overview of TrkA and TrkB gene structures and also of putative
protein isoforms. Many novel transcription start-sites and splice forms are
described for TrkA. For TrkB, one novel 5’ exon and one novel 3’ exon were
identified. A thorough examination of the expression level of both TrkA and TrkB
alternative transcripts in different human tissues was also performed, including
the analysis of the expression of TrkB in the prefrontal cortex (PFC) throughout
the human lifespan. In addition, the characteristics of some of the previously
unknown putative protein isoforms is presented. However, the in vivo existence
of these proteins still needs verification.
Both TrkA and TrkB have also been known to be actively contributing to the
development and progression of many disease states. For example, both of these
kinases are overactive in chronic pain and some types of cancers. For this reason,
one of the aims of this work was to find new inhibitors for Trk kinases. Novel
potent and selective pan-Trk kinase inhibitors were identified from the group of
2-oxindoles that could potentially be used for further development of therapeutics
against pain and/or cancer.
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KOKKUVÕTE
Närvisüsteemi keeruline struktuur ja füsioloogia tekivad täpselt reguleeritud
mehhanismide tulemusel, mis mõjutavad rakkude ellujäämist ja migratsiooni,
neuriitide kasvu või kärpimist ning sünapsi tugevust. Paljude närvirakkude
alamtüüpide puhul on kõikidel nendel regulatoorsetel tasanditel olulisel kohal
tropomüosiini-seoseliste kinaaside (Trk) perekond, sest selle liikmed on
neurotrofiinide (NT) plasmamembraani läbivad retseptorid. Trk retseptoritelt
lähtuvaid rakusiseseid signaaliradu on palju ning nende tulemid on väga
mitmekesised, ulatudes kiiretest kohalikest efektidest pikaajaliste muutusteni,
mis on tingitud mitmete geenide transkriptsioonitaseme mõjutamisest. NT
signaali mõju rakule määrab NT-ga seondunud Trk valgu isovorm. Varasemalt
on teada mitmeid erinevaid Trk retseptorite isovorme. Neist mõne, näiteks
TrkAIII, TrkB-T1 ja TrkB-T-Shc, signaliseerimine erineb oluliselt täispika
retseptorkinaasi omast. Ühtlasi on erinevate valguisovormide ning ka neid
kodeerivate mRNA-de avaldumismustrites leitud olulisi erinevusi.
Käesolev töö keskendub TrkA-le, mis on närvikasvufaktori (NGF) retseptor,
ning TrkB-le, ajust pärineva neurotroofse teguri (BDNF) ja NT-4 retseptorile.
TrkA ja TrkB transkriptide mitmekesisus on põhjalikult iseloomustatud. Selle
analüüsi tulemusel tekib täpsem ülevaade nende geenide struktuurist ning ühtlasi
ka TrkA ja TrkB võimalikest valguisovormidest. TrkA puhul leiti palju
senitundmatuid transktiptsiooni alguskohti ning splaissvorme, samas kui TrkB
geenil tuvastati üks uudne 5’ ekson ja üks uudne 3’ ekson. Töö raames teostati ka
põhjalik ekspressioonitasemete analüüs inimese erinevates kudedes nii TrkA kui
ka TrkB transkriptidele, mis hõlmas TrkB ekspressiooni analüüsimist inimese
prefrontaalses ajukoores erinevate vanuserühmade lõikes. Lisaks sellele kirjeldati
mõningaid võimalikke TrkA ja TrkB valguisovorme, kuigi nende in vivo
avaldumine ning füsioloogiline roll vajab veel kinnitamist.
Nii TrkA kui ka TrkB on olulised mitmete haiguste kujunemisel, näiteks on
mõlemad kinaasid üleaktiveeritud kroonilise valu ning mõningate vähitüüpide
puhul. Sellel põhjusel oli üheks käesoleva töö eesmärgiks leida uusi Trk kinaaside
inhibiitoreid. Uudsed inhibiitorid, mis toimivad Trk kinaasidele madalas
nanomolaarses kontsentratsioonis ja on selektiivsed, identifitseeriti 2oksindoolide grupist. Edasised katsed näitavad, kas neid ühendeid on võimalik
arendada valuvaigistava ning vähivastase toimega ravimiteks.
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